


Tue JoURNAL oF BroLtogicaL CHEMISTRY 
Vol. 236, No. 8, August 1961 
Printed in U.S.A. 


Recommendations for the Nomenclature of Hemoglobins 


EDITORIAL NOTE 


At a conference in Boston, Massachusetts, in December 1960, 
a number of leading workers on the structure of hemoglobins 
proposed a set of recommendations on nomenclature. These 
were submitted to the JourNaAL and were carefully considered by 
other workers in the field. We have now decided that their 
publication in the JourNAt is desirable, although of course they 
do not have the official force of recommendations from commis- 
sions of the international scientific unions. The Editors regard 
the publication of these recommendations as an experiment, 
which we hope may have useful results. Publication of other 
proposals of this sort in the JourNat will be considered only in 
very exceptional cases, until there has been time for appraisal of 
the results of this experiment. 

Contributors to the JouRNAL, who submit papers on the struc- 
ture of hemoglobins, are not required to use the nomenclature 
here proposed. In the interest of developing clarity of communi- 
cation among scientists, however, we recommend that contribu- 
tors of such papers consider these proposals carefully and make 
use of this nomenclature unless they have specific reasons for 
considering it unsatisfactory. Obviously the proposals are sub- 
ject to criticism and discussion. Correspondence concerning 
them should be addressed to Professor V. M. Ingram, Division of 
Biochemistry, Department of Biology, Massachusetts Institute 
of Technology, Cambridge 39, Massachusetts. The Editorial 
Office of the JourNaL would welcome receiving copies of such 
letters. 

The proposals follow. 


CHAIN NOMENCLATURE 


There is now general agreement on the naming of the peptide 
chains of the major components of normal human adult and fetal 
hemoglobins as the a, 6, and y chains; e.g. adult hemoglobin is 
written as a2‘G.4 and fetal hemoglobin as ag4y2F. The super- 
scripts A and F refer to the fact that the particular chain is the 
one found in the human adult and fetal hemoglobins. It is rec- 
ommended that this practice be continued and that the symbols 
a, 8, and y, without superscripts, be reserved for those occasions 
when reference is being made to, for example, a chains in general. 

Information concerning the structure of the chains of hemo- 
globin A» is now sufficient to indicate that one of the chains is 
identical with the a4 chain, whereas the second differs in a num- 
ber of residues from the three foregoing chains. In addition 
there is evidence (see for instance Cepellini (1)) to indicate that 
the genetic control of this unique chain is independent of the 
genes for the a, 8, and y chains. It is therefore recommended 
that this chain be designated as 62; Hb A, is then written as 
@“do%2, Again, one could refer simply to 6 chains in the general 
case. 

The simplest method of naming the tryptic peptides of a chain 
is to number them in the order in which they occur in the chain, 
beginning with the NH.-terminus. The symbol for the chain 
is included as a part of the designation. The letters Tp are in- 


cluded to identify that these are the peptides obtainable by tryp- 
tic digestion. For example, the third tryptic peptide of the a 
chain would be aTpIII in this system. Where a lysyl bond is 
not attacked under the conditions used, the symbol for the re- 
sultant “dipeptide” or ‘double peptide” would contain the num- 
bers appropriate to both tryptic peptides, e.g. aTpI,II. From 
the published structure of the a and 8 chains (Braunitzer et al. 
(2); Hill and Konigsberg (3); Konigsberg et al. (4)) and from 
the amino acid composition, it is evident that the a chain will 
contain the tryptic peptides aTpI to aTpXIV and the 8 chain 
the tryptic peptides BTpI to BTpXV. It so happens that the 
tryptic “peptides” aTpVIII and BTpVIII are lysine. In addi- 
tion, the present methods of tryptic cleavage do not break the 
bond separating the expected tryptic peptides aTpXII and 
aTpXIII, nor the bond between the expected peptides 8TpX 
and BTpXI. In view of the possibility that these bonds might 
be split in some experiments at a later date, it is felt that the 
numbering system should correspond with the theoretical num- 
ber of tryptic peptides. 

When the complete sequence of the chains is determined be- 
yond question and is published, then a more specific designation 
involving residue numbers should be adopted. Thus, BTpI can 
be designated as BTp1-8. 


NOMENCLATURE OF THE ABNORMAL HEMOGLOBINS 


An ideal nomenclature system for the abnormal hemoglobins 
would provide for adequate designation of the chemical structure 
at each stage of the investigation. The following system is an 
attempt to meet this requirement. 

When only the chain in which the abnormality resides is known, 
then the hemoglobin may be written as a248.5, or a24B2PPuniab, 
When the abnormality has been located in a particular tryptic 
peptide, as by fingerprinting, then the designation should be, for 
example, a248.T?!. When the amino acid composition of the 
tryptic peptide indicates a particular amino acid substitution, 
then this will be indicated as a2482TPlGlu>Va) for Hb S. Finally, 
when the amino acid interchange has been located at a particular 
residue position in the chain, the fully descriptive formula, as 
in the case of Hb §, would be in the form: a248.°V#!, 

Presumably, for use in formulas describing experiments such 
as reassociation, it will be necessary to define in a given paper a 
one letter designation for a particular hemoglobin. For example, 
the formula a2182§ could be used, provided that wherever possible 
the individual hemoglobins have been defined, as, for example, 
Hb I as a,!64sP8,4 and Hb S as ap48.®V8!, 

It is strongly urged that no further letters be assigned to ab- 
normal hemoglobins. Newly discovered hemoglobins, prior to 
their chemical identification, should be known by the letter 
designation of the previously described hemoglobin whose elec- 
trophoretic mobility they most nearly resemble. To the letter 
should be attached a subscript indicating the geographic origin 
of the new hemoglobin. 

Proposals similar to the above originated during a Hemoglobin 
Structure Workshop held in Boston, December 14 to 16, 1960. 
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Regulation of Glucose Uptake in Muscle 


V. THE EFFECT OF GROWTH HORMONE ON GLUCOSE TRANSPORT IN THE 
ISOLATED, PERFUSED RAT HEART* 


M. J. Henperson, H. E. Morcan,t anp C. R. Park 


From the Department of Physiology, Vanderbilt University School of Medicine, Nashville 5, Tennessee 


(Received for publication, December 27, 1960) 


The effects of growth hormone in the whole animal have been 
recently reviewed (1, 2). The following points are pertinent to 
the present work. The first injection of growth hormone into 
the hypophysectomized animal induces a hypoglycemic reaction 
similar to that which follows a small dose of insulin. This re- 
action is much less marked in a normal animal. After repeated 
injections of the hormone over several days in either the hy- 
pophysectomized or normal animal, the hypoglycemic reaction 
no longer occurs and a sustained hyperglycemia develops which 
varies greatly in intensity depending on the dosage and the 
species of animal involved. This “diabetic” phase of growth 
hormone activity is increased in severity by the concurrent 
administration of gluconeogenic adrenal steroids or by insulin 
deficiency. It is also characterized by an insensitivity to insulin. 

These effects of growth hormone on blood glucose can be 
accounted for in part by changes in peripheral glucose uptake. 
Earlier work (3) with the isolated rat diaphragm as an indicator 
of hormone effects in muscle gave the following findings. A few 
minutes after the first injection of growth hormone into hypoph- 
ysectomized rats, glucose uptake by the diaphragm was stimu- 
lated. Addition of the hormone to the muscle in vitro had the 
same effect. This stimulation was not observed in diaphragms 
taken from hypophysectomized animals treated chronically with 
growth hormone or in the muscle from normal rats. In fact, 
repeated injection of growth hormone into either hypophysec- 
tomized or normal animals depressed glucose uptake by the 
excised diaphragm and this depression was augmented by the 
concurrent administration of adrenal cortical extracts. The 
muscle also showed an insensitivity to insulin. 

Although the above observations in vivo and in vitro seemed 
to fit well together, recent work suggested a reexamination of 
the findings. First, the studies of Altszuler et al. (4) have shown 
that the peripheral utilization of glucose by the hypophysec- 
tomized dog in the postabsorptive state is below normal and 
that utilization rises after repeated growth hormone injections. 
Second, the “cut”? diaphragm is probably quite unreliable as an 
indicator of hormone effects on muscle. The transport step, 
which is usually rate-limiting for uptake, is bypassed to a large 
extent because of cut edges in the preparation. The recent 
studies of Kipnis (5), who measured penetration of the glucose 
analogue, 2-deoxyglucose, in the “cut” diaphragm from hy- 
pophysectomized rats, suggest that the high rate observed earlier 


* Supported by grants from the National Institutes of Health, 
United States Public Health Service, from the National Science 
Foundation, and from the American Heart Association. 

} Investigator of the Howard Hughes Medical Institute. 


(6-8) was an artifact because the rate in the “intact” diaphragm, 
which hasno cutedges, islow. In accord with these observations, 
Henderson et al. (9) found that the uptake of glucose itself by the 
perfused heart from hypophysectomized rats is below normal. 
These observations in vitro are in line with Altszuler’s studies 
cited above. Third, newly developed techniques (10) for exam- 
ining separately the transport and phosphorylation steps make 
it possible to give a more detailed description of growth hormone 
effects on glucose uptake. 

With the above considerations in mind, the effect of growth 
hormone on glucose uptake by isolated muscle has been rein- 
vestigated. The present study is limited to effects on transport 
through the cell membrane. Effects on phosphorylation of 
glucose are presented separately (11,22). The perfused rat heart 
has been used as the test object. 


EXPERIMENTAL PROCEDURE 


Methods and Materials 


These have been described fully in preceding publications (9, 
10), except for the following. Hydrocortisone sodium succinate 
was obtained from The Upjohn Company and bovine growth 
hormone (a highly purified preparation, lot No. R50109) was 
kindly supplied by the Endocrinology Study Section of the 
National Institutes of Health. 


RESULTS 


Effect of Growth Hormone in Vitro—Glucose uptake by the 
heart from normal rats was not affected when growth hormone 
was added directly to the perfusion medium (Fig. 1). These 
experiments were carried out at three different perfusate (extra- 
cellular) glucose concentrations. When the same experiments 
were performed, however, with hearts from hypophysectomized 
rats, uptake was stimulated to rates 60 to 100% above the mean 
control values (Fig. 1). These results confirm those obtained 
previously with the isolated rat diaphragm. With the heart 
technique, however, it was possible to characterize the stimula- 
tory effect in more detail as follows. 

Previous work (9) had established that membrane transport is 
the principal limiting step' for glucose uptake by the heart of the 


1 Transport is predominantly limiting for uptake when the in- 
tracellular free glucose remains very low. Under these condi- 
tions, glucose uptake provides a measure of transport into the 
cell. With excess insulin, transport becomes so fast that intra- 
cellular, free glucose accumulates and uptake is significantly 
limited by phosphorylation. A full exposition of these relation- 
ships has been given earlier (10, 13). 
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Fic. 1. The effect of growth hormone in vitro on glucose uptake 


by the isolated, perfused heart from normal and hypophysecto- 
mized rats at various extracellular glucose concentrations. The 
length of the vertical line through the points shows 2 standard 
errors of the mean. The extracellular glucose concentration is 
the mean of the initial and final perfusate glucose concentrations. 
The differences between the growth hormone points and the control 
curve are statistically significant (p < 0.01) only in the hypophy- 
sectomized series. The perfusions were carried out for 30 min- 
utes at 37° in Krebs-Henseleit bicarbonate buffer (12). Growth 
hormone was added when indiéated in a concentration of 6 ug 
per ml. The difference between initial and final glucose concen- 
trations in the perfusate (upon which uptake measurements were 
based) was 25% or more in all cases. The control data are those 
presented and discussed earlier (9, 10) in detail. Each point is 
based on the analysis of 8 to 16 hearts taken from rats deprived of 
food for about 18 hours. Free intracellular glucose in the heart 
could be detected (10) in only one case, the middle point in the 
hypophysectomized series with growth hormone addition. The 
concentration was 56 + 13 mg per 100 ml. Hypophysectomy was 
carried out by Hormone Assay Laboratories, Chicago, 2 to 4 weeks 
before the animals were killed. 


hypophysectomized rat. It could, therefore, be presumed that 
the stimulation of uptake seen in Fig. 1 was brought about by 
transport acceleration. However, free intracellular glucose, 
which would be expected to accumulate with a substantial ac- 
celeration of transport, could be detected in only one of the three 
experiments. This suggested that the acceleration of transport 
was slight as compared, for example, to that induced by insulin. 
These conclusions were supported by experiments in which trans- 
port was estimated by the intracellular accumulation of L-arabi- 
nose, a pentose which penetrates the membrane by the glucose 
system but which is not phosphorylated (14). As seen in Table 
I, a small acceleration of transport was found with the lower 
concentration of growth hormone and a substantial stimulation 
with the higher concentration. This effect was similar to that 
produced by a very low concentration of insulin (9). 

Growth hormone in vitro did not stimulate L-arabinose trans- 
port in the heart from normal rats? (Table I) in accord with the 
above observations on glucose uptake. On the other hand, the 


2 Whereas glucose uptake was reduced below the normal rate in 
the heart from the hypophysectomized rat with transport as the 
limiting step (Fig. 1), L-arabinose transport was not depressed 
(Table I). Earlier studies (9), however, with larger series, have 


shown a reduction of L-arabinose transport after hypophysectomy. 
The present discrepancy presumably reflects the tendency of 
transport to rise in the hypophysectomized muscle when no me- 
tabolizable substrate is present in the medium. 
been discussed earlier in detail (9). 


This point has 
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hormone caused a marked acceleration of transport in hearts from 
hypophysectomized-diabetic rats, as seen by the pronounced 
rise in glucose uptake (Table II). Transport did not become 
fast enough, however, to cause a detectable accumulation of free, 
intracellular glucose. No significant acceleration was seen jp 
the muscle from diabetic animals (Table ID). It was concluded 
from these experiments that the growth hormone effect did not 
require the presence of insulin in the tissues, and that it was 
suppressed by endogenous pituitary secretion. 

The failure of hypophysectomy of the diabetic animal to 
improve the rate of glucose uptake, as seen in Table IT, has been 
discussed elsewhere (11, 22). 

Early Effect of Growth Hormone in Vivo—An acceleration of 
glucose transport also occurred in vivo as shown by the rates 
obtained in hearts removed 1 hour after growth hormone injection 
into the animal. Table I shows faster accumulation of L-arabj- 
nose and Table III shows accelerated transport as reflected by 
the higher rates of glucose uptake in muscle from hypophysee- 
tomized and normal rats. Table II shows a similar result with 
hearts from diabetic-hypophysectomized animals. The magni- 
tude of the effects in the studies with glucose also suggest that 
sensitivity to this action of the hormone is greater in the muscle 
from animals lacking endogenous pituitary secretion. 


TABLE [ 
Effect of growth hormone in vitro and in vivo on transport of 
L-arabinose in isolated, perfused heart of 
hypophysectomized and normal rats 

Hearts from 18-hour fasted rats were perfused for 10 minutes 
at 37° with buffer containing 200 mg per 100 ml of L-arabinose and 
no glucose. Intracellular L-arabinose concentration, expressed 
as a percentage of the perfusate concentration, was calculated 
(15) from the extent to which the L-arabinose ‘“‘space’’ exceeded 
the extracellular space which was 360 + 10 ul and 351 + 9 ul per 
g in the hearts from normal and hy pophysectomized rats, respec- 
tively. The number of hearts tested is given by the figure in 
parentheses. 

Growth hormone was injected intraperitoneally in a dosage of 
0.1 mg per 100 g of rat. 


Intra- 
Heart donor rats Treatment t-Arabinose space __ {cellular L- 
arabinose 
~ 4 TO equi- 
Ilo | librium 
mrs | concentra 
tion 
Hypophysecto- | None | 506 + 132 (14) | 45 
mized + GH in vitro 
6 ug/ml | 568° + 20 (14) | 68 
30 ug/ml | 646° + 21 (8) | 86 
+ GH in vivo | 
1 hr 580° + 20 (12) | 67 
24 hrs | 428 + 22 (8) 22 
| 
Normal None 494 + 13 (8) | 41 
+ GH in vitro | 
6 ug/ml 453 +14 (8) | 29 
+ GH in vivo 
1 hr | 560 + 15 (7 61 
24 hrs 





¢ Standard error of the mean. 
’p < 0.01 versus the corresponding control. 
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TABLE II 


Effect of growth hormone on uptake and intracellular accumulation 
of glucose in isolated, perfused heart of hypophysecto- 
mized-diabetic and diabetic rats 

The experiments were performed as described in Fig. 1 except 
that the initial perfusate concentration was 100 mg per ml in all 
cases. The extracellular space was 360 + 10 ul per g of heart in 
the diabetic and 351 + 9 ul per g in the hypophysectomized-dia- 
betic rats (10). The number of hearts tested is given by the 
figure in parentheses. 

Diabetes was induced by injection of 60 mg per kg of alloxan 
intravenously 40 to 72 hours before killing. Growth hormone 
was added in vitro in a concentration of 6 wg per ml of perfusate, 
and was injected in vivo in a dose of 0.1 mg per 100 g of rat 1 hour 
before removal of the heart for testing. 








Heart donor rats Treatment Glucose uptake Glucose space 

= i in ; mg-g)-hr7 pl/g al 
Hypophysec- 

tomized- 
diabetic None | 2.6 + 0.5 (12) | 266 + 62 
| + GH in vitro 7.55 + 0.3 (8) 322 + 19 
+ GH in vivo, lhr 7.2% + 0.6 (4) 271 +7 
Diabetic None 12.0 + 0.3 (8) | 286 + 27 
| 2.7 + 0.3 (9) + 22 


+ GH in vitro 383 





¢ Standard error. 
bp < 0.01 versus corresponding control. 
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Late Effect of Growth Hormone in Vivo—When the heart was 
tested 24 or 48 hours after growth hormone injection into the 
animal, no consistent effect on transport could be shown. L- 
Arabinose accumulation seemed to be reduced at 24 hours in 
hearts from hypophysectomized rats (Table I), but this effect 
could not be demonstrated by measurement of glucose uptake at 
the same time interval (Table ITI) or in hearts from normal ani- 
mals (Table III). The concomitant administration of cortisone 
had no effect (Tables III and IV). After 48 hours, glucose up- 
take was marginally reduced in hearts from hypophysectomized 
rats, but nosuch depression was seen in the normalhearts. These 
results differ from earlier observations (3) that growth hormone 
induced a consistent, late inhibition of glucose uptake by the 
isolated diaphragm. 

Effect of Growth Hormone on Insulin Sensitivity—It was shown 
previously (9) that glucose transport in hearts from hypophysec- 
tomized rats is hypersensitive to insulin. It was, therefore, of 
interest to observe if sensitivity would be reduced by growth 
hormone, cortisone administration, or both. When hypophy- 
sectomized rats were treated with growth hormone, hydrocorti- 
sone, or both together for 4 days, no effect on transport could be 
detected in the absence of added insulin as measured by t-arabi- 
nose accumulation (Table IV), in agreement with the conclusions 
reached in the preceding paragraph. When transport was 
determined, however, in the presence of a low level of insulin, 
either growth hormone or cortisone individually diminished the 
sensitivity to insulin, and, when administered together, the 
insulin effect was reduced to that in the normal tissue. 


TaBLeE III 
Effect of growth hormone in vivo on glucose uptake by perfused heart from hypophysectomized and normal rats 


The experiments were carried out as described in Fig. 1. 


The number of hearts tested is given by the figure in parentheses. 


Growth 


hormone was given as a single intraperitoneal injection of 0.1 mg per 100 g of rat at the time indicated except in the 48-hour experi- 


ments in which a second injection was given at 24 hours. 


Hydrocortisone was injected subcutaneously at the same times in a dosage 


of 2.5 mg per 100 g. The extracellular space was 351 + 9 wl per g and 360 + 10 wl per g in the hearts from hypophysectomized and 


normal rats, respectively (10). 


























; Tissue glucose 
Heart donor rats Time eae ——— Glucose uptake 
Space Intracellular glucose 
. hrs mg/100 ml mg: g-)-hr- | % control* | pl/g mg/100 ml 
Hypophysectomized 1 83 6.2 + 0.4° (8) 180¢ 181 + 12° n.d.4 
1 274 10.0 + 0.8 (8) 158° | $25 + 17 n.d. 
24 85 3.4 + 0.3 (4) 108 222 + 8 n.d. 
24 273 7.0 + 0.6 (7) lll 339 + 8 n.d. 
| 48 281 4.9+ 0.8 (8) 77 331 + 17 n.d. 
| 24 + cortisone 280 6.2 + 0.5 (8) 97 | 274 + 10 n.d. 
Normal 2 69 6.2 + 0.3 (4) 122¢ 161 + 8 n.d. 
| 1 244 12.4 + 0.6 (8) 135¢ | 415 + 17 32 + 12° 
| 24 70 4.84 0.3 (4) 95 | 305 + 8 n.d. 
24 243 10.9 + 0.5 (8) 118 | 407 + 20 28 + 13 
| 48 244 10.3 + 0.7 (8) 112 | 422 + 12 37¢+ 9 
| 24 + cortisone 253 9.1 + 0.9 (8) 99 | 309 + 12 n.d. 
! | 











* The values are compared with those obtained from the control curves of Fig. 1 at the corresponding extracellular concentrations. 


> Standard error of the mean. 

*p < 0.01 versus control. 

¢ Abbreviation for none detected. 
tection (10). 

*p < 0.01 versus zero. 


It was estimated that concentrations less than 10% of that in the perfusate might escape de- 
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TaBLe IV 
Delayed effect of growth hormone and cortisone in vivo on sensitivity 
of transport to insulin as measured by intracellular accumulation 
of L-arabinose in isolated, perfused heart 

The experiments were performed as described in Table I. 
Growth hormone and cortisone were injected daily in a dosage of 
0.1 mg per 100 g, and 2.5 mg per 100 g, respectively, over a 4-day 
period before the animal was killed. The number of hearts tested 
is given by the figure in parentheses. 


Intra- 

wae Senos ie of Sueulin —* or 
Inose 

milli- equi- 

units, ul/g librium 

mi concen- 

tration 

Hypophy- None 0 509 + 26¢ (7) 45 
secto- GH 0 478 + 21 (7) 36 
mized Cortisone 0 545° + 29 (7) 55 
GH + cortisone 0 5435 + 21 (8) 55 

None 0.1 | 713* + 10 (8) 103 

GH 0.1 6594 + 19 (7) 88 

Cortisone ; 0.1 6644 + 16 (8) 89 

GH + cortisone 0.1 | 603¢ + 12 (9) 72 

Normal None 0 540 + 12 (18) 56 
None 0.1 582/ + 10 (6) 62 


« Standard error of the mean. 

> p > 0.05 versus hypophysectomized, no treatment. 

¢ p < 0.01 versus hypophysectomized, no insulin. 

4 p = 0.02 versus hypophysectomized, plus insulin. 

¢p < 0.01 versus hypophysectomized, plus insulin. 

‘ p > 0.05 versus hypophysectomized + insulin + GH + corti- 
sone. 


DISCUSSION 

The effect of growth hormone in vitro on transport is the same 
as that of a very low concentration of insulin. As a result, glu- 
cose uptake is accelerated in the more sensitive muscle from the 
hypophysectomized animal (8, 9, 16) and is affected slightly, if 
at all, in muscle from normal or diabetic animals. The effect 
apparently is directly on the transport process and does not 
depend on the mobilization of tissue-bound insulin, as has been 
suggested (17, 18), inasmuch as it occurs in the muscle from 
diabetic-hypophysectomized rats. It should be noted, however, 
that concentrations of hormone were used in these studies that 
were 1000 times greater than equally effective concentrations of 
insulin. Thus, contamination of growth hormone by a very 
active insulin-like substance is difficult to exclude. Previous 
efforts by Park et al. (3) to separate such material from growth 
hormone preparations were not successful, but the studies of 
Ottaway and Paul (19) continue to suggest this possibility. 

The early stimulatory effect of growth hormone in vivo on 
glucose uptake also seems to be caused by a direct effect of the 
protein on the transport system because it occurs in animals 
lacking the capacity to secrete insulin. This is shown in the 
present experiments with diabetic-hypophysectomized rats, which 
confirm earlier studies with depancreatized-hypophysectomized 
dogs (20) and hypophysectomized-eviscerate rats (3). It may 
be noted, however, that uptake is also stimulated in the normal 
muscle after growth hormone in vivo, whereas no response is 


obtained with addition of the protein in vitro to normal muscle. 
This difference may be caused simply by the longer exposure 
time and superior physiological conditions of the experiments jp 
vivo. Normal muscle is not completely refractory to the stimula. 
tory effect of growth hormone in vitro because Ottaway (18) has 
observed stimulation of glucose uptake under special conditions 
and with high concentrations of the protein. None of these 
experiments, however, rules out the possibility that growth 
hormone injection may also stimulate pancreatic release of jp. 
sulin. In this connection, growth hormone administration jg 
known to cause hypertrophy of the beta cells of the rat islets, 
Whether or not this is a direct effect or is secondary to an eleva. 
tion of blood glucose is uncertain. 

Prolonged administration of growth hormone apparently re. 
duces the sensitivity of transport to insulin, as seen in the present 
studies, or to the immediate acceleratory effect of growth hor. 
mone itself, as suggested in earlier studies (3). These obserya- 
tions fit well with a growth hormone-induced decrease in the 
insulin sensitivity of the whole animal observed by de Bodo et al. 
(21), and with the well known insulin insensitivity seen jn 
many cases of acromegaly. Hydrocortisone also diminishes insu- 
lin sensitivity and its effect is additive or synergistic with that 
of growth hormone. Enhancement of the anti-insulin effect of 
growth hormone by adrenal steroids has been noted earlier (3), 
Presumably, the relative insensitivity of muscle from normal as 
compared to that from hypophysectomized rats is caused by 
endogenous growth hormone and adrenal steroid secretions. It 
should be emphasized, however, that effects on transport con- 
stitute only one aspect of insulin insensitivity with respect to 
peripheral glucose uptake. Morgan et al. (22) have shown a 
depression of phosphorylation by growth hormone which con- 
tributes to insulin insensitivity, as will be described in the paper 
to follow (11). 

The present work has shown no consistent late depression of 
glucose uptake in distinction to earlier studies with the rat 
diaphragm (3). We suggest that the diaphragm results, although 
technically correct, did not reflect the physiological regulation 
of uptake as reliably as do the present studies with the perfused 
heart. Legitimate objections have been raised with regard to 
the diaphragm preparation used at the earlier time, including 
the presence of cut edges, excessively long diffusion pathways 
from medium to cells, and transport instability (5, 9, 10). 

A general concept of the action of growth hormone on glucose 
uptake will be discussed in the paper which follows (11). 


SUMMARY 


The effect of growth hormone on the transport of glucose 
through the cell membrane has been studied with the isolated, 
perfused rat heart as the test object. The following conclusions 
have been reached. 

1. Growth hormone in vitro has a weak stimulatory action on 
transport that causes an acceleration of glucose uptake. This 
insulin-like effect is readily observed in the hypersensitive muscle 
from hypophysectomized rats. The effect does not depend on 
the mobilization of tissue-bound insulin. 

2. A similar effect is also observed 1 hour after administration 
of growth hormone in vivo and is probably caused by a direct 
action on the muscle. An additional stimulation, however, 
secondary to the release of pancreatic insulin, cannot be excluded. 

3. As a late effect, growth hormone in vivo reduces the sensl- 
tivity of transport to stimulation by insulin. Hydrocortisone 
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has a similar activity and its effect is additive to that of growth 
hormone. 

The previously reported depression of glucose uptake in the 
isolated rat diaphragm as a late effect of growth hormone in vivo 
js not thought to be physiologically significant and has not been 
observed in the heart. 

4. The effects of growth hormone on the isolated heart correlate 
well with recent observations from other laboratories on the effect 
of growth hormone on the peripheral utilization of glucose in 
intact animals. 


Addendum—It was of interest to determine whether growth 
hormone and cortisone in vivo would have any late effects on glu- 
cose transport in a situation in which insulin secretion could not 
be stimulated. Hypophysectomized-diabetic rats were, there- 
fore, injected with these hormones and uptake was measured 24 
hours later. Growth hormone was injected in a dosage of 0.1 
mg per 100 g at 24 hours and again at 12 hours before killing. 
The dosages of cortisone were 2.5 mg per 100 g at 24 hours and 
1.25 mg at 12 hours and 4 hours. Uptake was estimated over 
a 30-minute period in a medium containing 100 mg per 100 ml 
of glucose but no insulin. 

The following rates were observed (in milligrams per gram per 
hour): control, 3.6 + 0.9 (6); GH, 2.2 + 0.5 (4); cortisone, 
2.0 + 0.7 (7); and GH plus cortisone, 1.9 + 0.6 (7). These 
rates reflected transport activity since no intracellular glucose 
could be found in any instance. 

It was obvious that the early stimulation of transport by 
growth hormone had disappeared during this period of time. 
The data suggested, in fact, that some depression had been in- 
duced, but the differences from the control rate were not statis- 
tically significant because of the scatter of individual values and 
the small number of hearts tested. A depression, if present, 
could be best explained as follows. A very low level of insulin 
secretion presumably persists after alloxan treatment and exerts 
a slight stimulatory effect on transport. Growth hormone or 
cortisone, or both, in the dosage employed block this stimulation. 
In the normal or hypophysectomized preparation, on the other 
hand, transport is sually not depressed because of a compensatory 
increase in insulin secretion. It would appear unlikely that 
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growth hormone and cortisone inhibit glucose transport directly 
in view of the results to be presented in the accompanying paper 
(11). 
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It was concluded in earlier papers (1-7) that the transport of 
glucose through the cell membrane and the phosphorylation of 
free glucose inside the cell are the major rate-controlling steps for 
glucose uptake by the heart. In the muscle from severely dia- 
betic animals, glucose uptake was very low. This could be 
attributed to a low rate of transport, which is principally limiting 
for uptake under these conditions. When insulin was added, 
transport was strongly stimulated but glucose uptake increased 
only moderately and the rate remained much below that reached 
in a normal heart similarly treated. The poor response to in- 
sulin could be explained by a marked depression of phosphoryla- 
tion, which imposes the major limitation on the rate of uptake 
after transport acceleration. The phosphorylation step seemed 
to be insensitive to insulin 7n vitro. 

The low transport activity in the heart muscle of the diabetic 
rat was found by Morgan e¢ al. (8) to be caused by a deficiency of 
insulin and not by a direct inhibition by pituitary and adrenal 
cortical factors. A similar conclusion was reached by Kipnis 
(9) and Kipnis and Cori (10), who measured the penetration of 
2-deoxyglucose in the rat diaphragm. Morgan et al. (5), Park 
and Morgan (7), and Henderson e¢ al. (11, 12) concluded, how- 
ever, that pituitary and adrenal factors may affect transport 
indirectly by interfering with the action of insulin. 

The depression of phosphorylation in the diabetic muscle was 
attributed to pituitary and adrenal cortical activity (8-10). 
Morgan et al. (8) showed that growth hormone and hydro- 
cortisone were among the hormones involved. 

The present paper gives a further exposition of how pituitary 
and adrenal cortical secretions, including the growth hormone 
and hydrocortisone, influence glucose uptake in the perfused 
heart. The effect of these factors and of insulin on the transport 
and phosphorylation steps individually is considered. From 
these observations, some general concepts are advanced con- 
cerning the regulation of peripheral glucose utilization in the 
intact animal under a variety of conditions. 


EXPERIMENTAL PROCEDURE 


Methods and Materials 


The preparation of the heart, the technique and apparatus for 
perfusion, and the methods of calculation have been described 


* Supported by grants from the National Institutes of Health 
of the United States Public Health Service, the National Science 
Foundation, the Middle Tennessee Heart Association, and the 
American Heart Association. 
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previously (4). All perfusions were carried out for 30 minutes 
at 37° with a bicarbonate-buffered medium. 

Diabetes was induced by the intravenous injection of 6 mg of 
alloxan per 100 g of rat. Hearts were removed for testing 48 to 
72 hours. later. Hypophysectomized rats were purchased from 
Hormone Assay Laboratories, Chicago, and were used 2 to 4 
weeks after operation. They were made diabetic as described 
Hypophysectomized rats tolerated alloxan administra- 
tion very well and lived indefinitely thereafter, whereas normal 
animals rarely survived beyond 72 hours. High fasting blood 
glucose concentrations also pointed to a severe degree of insulin 
deficiency. Adrenalectomized-diabetic rats were prepared by 
alloxan injection as described above and were adrenalectomized 
24 hours later. The immediate mortality after operation was 
about 30%. The rats were used 3 to 4 days after operation. 

All rats, regardless of preparation, were fasted about 12 hours 
before they were killed. 


above. 


The growth hormone was a highly purified preparation of 
It was kindly supplied by the Endocrinology 
Study Section of the National Institutes of Health (lot No.: 
R50109). Hydrocortisone was the sodium succinate derivative 
obtained from The Upjohn Company. 

The insulin preparation was kindly supplied by Eli Lilly and 
Company (lot no. 466368) and had been treated to remove 


glucagon. 


bovine origin. 


RESULTS 
General Considerations—Transport and phosphorylation ac- 
tivities could be assessed as follows. Details are given elsewhere 
(4-6). 

The uptake of glucose from the medium could be equated to 
net transport into the cell, inasmuch as any change in the extra- 
cellular glucose of the tissue during the perfusion was negligibly 
small. When no insulin was added, the intracellular free glucose 
Under these conditions, up- 
take provided an approximate measure of the rate of unidi- 
rectional transport inward. Transport activity could then be 
assessed by relating this rate to substrate concentration, that is, 
to the extracellular or perfusate concentration of glucose. By 
the use of several perfusate concentrations, a curve of transport 
activity for any given condition of the heart was obtained which 
could be compared to a similar curve obtained in hearts from 
normal animals. 

The phosphorylation rate was estimated by the uptake of 
glucose from the perfusate corrected for any change in the free, 


concentration remained very low. 
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intracellular glucose content of the tissue. This approach was 
based on the generally accepted concept that the hexokinase 
reaction is an obligatory step for the utilization of the free 
hexose! Phosphorylation (hexokinase) activity could be esti- 
mated by relating the rate to substrate concentration, which in 
this case was the concentration of free, intracellular glucose. 
Experiments were carried out with various concentrations of 
glucose in the perfusate, with insulin added to accelerate trans- 
port. In this way, phosphorylation rates at several readily 
measurable levels of intracellular glucose were obtained. It 
was then possible to draw curves of phosphorylation activity in 
the heart as a function of substrate concentration under various 
experimental conditons which could be compared to a normal 
control curve. 

The rates and activities reported here are values for the steady 
state. Earlier work (4, 5, 11) had shown that glucose uptake was 
stable beyond the present test period. Furthermore, the 
distribution of free glucose in the tissue and the concentration of 
hexose phosphates reached virtually constant values within 2 to 
3 minutes after starting a perfusion (15). 

Effect of Hypophysectomy of Diabetic Rat on Glucose Uptake and 
Transport—Glucose uptake by the heart from diabetic animals 
in the absence of added insulin is shown by the curve (open 
squares) in the upper panel of Fig. 1. In general, the curve shows 
about a 70% inhibition when compared to a similar curve for 
hearts from normal rats (4, 6). Hypophysectomy did not alter 
the diabetic curve appreciably when tests were made at three 
different perfusate concentrations (open circles). As seen in the 
lower panels, the concentrations of intracellular glucose remained 
low. The uptake curves, therefore, could be taken to indicate 
transport inward as a function of extracellular concentration. 
It was thus apparent that hypophysectomy in the diabetic did 
not increase transport activity. The effect of hypophysectomy 
on phosphorylation activity in the absence of added insulin 
could not be assessed because the levels of intracellular glucose 
were below the level of reliable estimation.? 

Effect of Hypophysectomy in Diabetic Rat on Glucose Phos- 
phorylation—Glucose uptake by the diabetic heart was only 
moderately accelerated by the addition of insulin (Fig. 1, upper 
panel, solid squares). On the other hand, insulin caused a 
relatively large stimulation of uptake in the heart from hypoph- 
ysectomized-diabetic animals (upper panel, solid circles). The 
rates were nearly as fast as those seen in hearts from normal (4) 
or hypophysectomized rats (11). In the lower panel, it is seen 
that the insulin effect was accompanied by a substantial ac- 
cumulation of intracellular free glucose, the usual finding with a 
marked stimulation of transport. Under these conditions it was 
possible to evaluate phosphorylation activity. 

Phosphorylation as a function of the intracellular glucose 
concentration is shown in Fig. 2. It can be seen that hypoph- 
ysectomy restored phosphorylation activity in the diabetic to 

‘It was further assumed that, once glucose has been phos- 
phorylated, the free sugar is not regenerated because rat heart 
muscle contains no glucose 6-phosphatase (13). It was assumed 
that free glucose is not liberated in significant amounts by the 


amylo 1,6 glucosidase reaction (14) because the experimental con- 
ditions were such as to promote glycogen synthesis rather than 
breakdown. 

* It was estimated (4, 6) that intracellular glucose concentrations 
below 10% of the perfusate concentration might escape detection 
by our methods. Such concentrations would be sufficient, never- 
theless, to support phosphorylation at the rates found in hearts 
hot exposed to insulin in vitro. 
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Fic. 1. Glucose uptake and intracellular free glucose concen- 
tration at various extracellular (perfusate) glucose concentrations 
in the isolated heart from diabetic and hypophysectomized-dia- 
betic rats. Each point is the mean value for 6 to 12 hearts. The 
vertical line through the points shows 2 standard errors of the 
mean. (It has been omitted when the value is so small that it 
impinges on the symbol itself.) Insulin was added when indi- 
cated in a concentration of 3 wg per ml. The intra- and extra- 
cellular glucose concentrations are mean values for the experi- 
mental period determined as described earlier (4). Blood plasma 
glucose concentrations at the time the rats were killed, after about 
12 hours of fasting, were as follows (mean + standard error): 
diabetic (controls), 690 + 35; diabetic (insulin), 700 + 38; hy- 
phophysectomized-diabetie (controls), 434 + 37; hypophysecto- 
mized-diabetic (insulin), 468 + 31. The values for the diabetic 
hearts have been reported earlier (5) and are shown here for 
reference. 


near the normal level. In comparison to the diabetic curve, the 
apparent K,, was substantially reduced and the Vmax increased. 

Effect of Adrenalectomy in Diabetic on Glucose Uptake—It was of 
interest to observe whether adrenalectomy of the diabetic animal 
would have the same effect as hypophysectomy. The prepara- 
tion of adrenalectomized-diabetic rats was relatively difficult and 
studies were carried out at a single perfusate glucose concentra- 
tion. The results are shown in Table I. 

In the absence of added insulin, adrenalectomy did not 
markedly affect glucose uptake. The apparent slight lowering of 
the rate was not statistically significant. Transport seemed to be 
the main limiting step for uptake in view of the low intracellular 
concentration of glucose. This experiment indicated, therefore, 
that adrenalectomy, like hypophysectomy, does not increase 
transport activity in the absence of insulin. With insulin added, 
glucose uptake was trebled. This degree of stimulation was 
greater than that seen with diabetic hearts. Transport was 
accelerated as shown by the rise in intracellular glucose to meas- 
urable levels. The phosphorylation rate could now be compared 
to that in the diabetic at the same glucose concentration (as read 
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growth hormone, and hydrocortisone on the kinetics of glucose 
phosphorylation in the perfused heart. Hearts were perfused 
with 3 wg per ml of insulin in the medium in all cases. The data 
for normal and diabetic hearts have been reported earlier (4, 5) 
and are shown here for reference. Each point is the mean value 
for 6 to 12 hearts. The lines through the points show 2 standard 
errors (which are omitted when they impinge on the symbol). 
When indicated, growth hormone (GH) and hydrocortisone (cort.) 
were injected over a 24-hour period before removal of the hearts 
for testing. The dosages used are those described in footnotes 
d and e of Table II. The concentrations of blood plasma glucose 
at the time of killing, after about 12 hours of fasting, were as 
follows (mean + standard error): hypophysectomized-diabetic, 
468 + 31; diabetic, 697 + 29; hypophysectomized-diabetic treated 
with growth hormone and cortisone, 624 + 32 mg per 100 ml; nor- 
mal, not determined. 


off the curve of Fig. 2), and a doubling of phosphorylation ac- 
tivity was apparent. 

Although the effects of hypophysectomy and adrenalectomy 
seemed to be equivalent, the following studies suggested that 
secretions from both the adrenal cortex and pituitary are in- 
volved. 

Effect of Growth Hormone and Hydrocortisone on Glucose Phos- 
phorylation—With regard to transport, it was shown earlier (12) 
that growth hormone and hydrocortisone diminish the sensitivity 
of this step to insulin. 

In testing the effects of these hormones on phosphorylation, it 
seemed best to administer the substances by injection into the 
animal over a period of several hours before removal of the heart, 
because earlier work (16) suggested that inhibitory activity, if 
present, would only develop in vivo and at a slow rate. The 
hypophysectomized-diabetic animal was particularly suitable for 
testing because it is deficient in these hormones and should, 
therefore, be particularly sensitive to their action. Furthermore, 
inhibitory effects could not be counteracted by pancreatic se- 
cretion of insulin. Insulin was added to the medium, however, 
to ensure sufficiently high intracellular glucose concentrations for 
reliable assessment of phosphorylation activity. Insulin in 
vitro over this time period does not reverse inhibition of phos- 
phorylation as will be seen. 

The results of various schedules of pretreatment are shown in 
Table II. In the first experiments (wpper panel), a moderately 


3 The differences between the uptake and phosphorylation rates 
are accounted for by the accumulation of free intracellular glu- 
cose. 
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high dose of growth hormone by itself caused a modest depression 
of glucose uptake and phosphorylation activity’ when compari- 
sons were made with rates obtained in hearts from untreated 
controls (see Figs. 1 and 2) or from normal animals at comparable 
substrate concentrations. A high dosage of hydrocortisone alone 
reduced the rate to one-half that of the controls. The effect of 
both substances together was additive, or synergistic, and phos. 
phorylation activity was depressed to about 15% of normal. 
The effect of combined treatment at other intracellular glucose 
concentrations is shown by the lowest curve of Fig. 2. It js 
apparent that these agents suppressed phosphorylation to a level 
substantially below that in the heart from the diabetic animal, 

As shown in the lower panel of Table II, the hormones were also 
tested at one-tenth the above dose level. Under these condj- 
tions, growth hormone alone was ineffective, whereas hydro- 
cortisone by itself was still active. In combination, an additive 
effect was not observed with the low dose of growth hormone but 
was evident with the high dosage. 

A limited number of experiments were carried out in which 
hypophysectomized or normal rats were pretreated with growth 
hormone for 48 hours before phosphorylation was tested (Table 
IIL). Assays were carried out with insulin in the medium as 
before. In the muscle from hypophysectomized rats, the treat- 
ment led to a slight lowering of uptake and phosphorylation, the 
significance of which is doubtful. In the tissue of normal ani- 
mals, no effect was seen after administration of growth hormone 
in vivo although a normal level of adrenal cortical secretion was 
presumably present. 

The effect of growth hormone in vitro on uptake and phos- 
phorylation was also tested with hearts from normal rats in the 
presence of insulin. No inhibition was observed. Bronk and 
Fisher (17) have reported a depression of uptake under these 


TaBLeE I 
Glucose uptake and phosphorylation by perfused heart of 
adrenalectomized-diabetic rats 

The perfusion medium contained glucose at an initial glucose 
concentration of 100 mg per 100 ml. The final concentrations for 
the period were 94 and 78 mg per 100 ml without and with added 
insulin, respectively. The blood plasma glucose concentrations 
at the time of killing (after about 12 hours of fasting) were as 
follows (mean + standard error): diabetic, 481 + 16 and adrenal- 
ectomized-diabetic, 436 + 19 mg per 100 ml. The number of 
hearts tested is given by the figure in parentheses. 





Mean : 
intracellular | Glucose phosphorylation 


Insulin Glucose uptake 
glucose 
o ta 
3 ug/ml mg-g hr diabetic mg/100 ml mg-g7)-hr7 diabetic 
control® control* 
0 1.84 0.3 (11)! 77 n.d.¢ 1.8 + 0.3° 
+ 5.4 + 0.7 (138) 140 264+ 9 | 5.3 + 0.7) 224 


« Comparisons have been made with values obtained with the 
diabetic heart at the corresponding perfusate concentration in the 
case of uptake and corresponding intracellular glucose concentra 
tions in the case of phosphorylation (see Figs. 1 and 2). 

®’ Standard error of the mean. 

¢ Abbreviation for none detected. It was estimated that con- 
centrations below 10% of the perfusate concentration might es- 
cape detection by the present methods (see footnote 4). 

4p < 0.01 versus 0. 

¢p < 0.01 versus corresponding diabetic control. 
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TaBLe II 
Bffect of growth hormone and hydrocortisone on uptake and phosphorylation of glucose by isolated heart from hypophysectomized-diabetic rats 


All perfusions were carried out with 3 wg per ml of insulin and 100 mg per 100 ml of glucose in the medium. The number of hearts 
tested is given by the figure in parentheses. 














Treatment of heart donor rats | Blood plasma glucose Glucose uptake |Mean intracellular glucose | Glucose phosphorylation 
— | mg/100 ml mg-g)-hr7 | mg/100 ml mg:g--hr7 | % normal 
None . deers earner ye 379 + 57° 7.2 + 0.5° (11) 37 + 4° 7.0 + 0.5% | 61° 
BORER = oo oe ere eee sees | 282 + 43 5.5 + 0.4 (9) 444+ 5 5.3 + 0.4 45°¢ 
So 3 ce oa erator arene gate = | 700 + 53 4.12 0.5 (9) 47 + 6 3.8 + 0.5 32¢ 
+ GH¢ + cort*........... | 666 + 32 2.0 + 0.2 (8) 66 + 5 | 2.0 + 0.2 16¢ 

| 

| | 
osc eis. Sie oes eens 495 + 69 9.3 + 0.4 (9) 48 + 6 9.0 + 0.4 | 75¢ 
IE oso e wes a alors a tesa gigs 362 + 19 10.2 + 1.0 (4) 36 + 14 10.0 + 1.0 88 
ED oo see cine Oe nss | §25 + 71 6.1 + 0.5 (9) 40 + 5 5.8 + 0.5 54 
+ GH! + cort?........... 599 + 39 6.5 + 0.6 (9) o7 + 4 6340.6 (| 59¢ 
iGae® + COre®........... | 821 + 45 3.4 + 0.4 (7) 47 +4 3.1 + 0.4 | 26° 
+GH¢ + corts.........,| 785 + 46 2.6 + 0.2 (4) | 48 + 3 2.3 + 0.2 | 19¢ 








«Comparisons have been made with 
(see Fig. 2). 

‘Standard error. 

¢p < 0.01 versus corresponding normal control. 

40.1 mg of growth hormone (GH) per 100 g of body weight was injected intraperitoneally at 24 and again at 12 hours before killing. 


¢2.5 mg of hydrocortisone (cort.) per 100 g was injected subcutaneously at 24 hours followed by 1.25 mg per 100 g at 12 and 4 hours 
before killing. 


{0.01 mg of growth hormone per 100 g was administered as above. 
0.25 mg of hydrocortisone per 100 g was injected at 24 hours followed by 0.125 mg per 100 g at 12 and 4 hours before killing. 


values obtained in normal hearts at the corresponding intracellular glucose concentrations 


conditions. We attempted to duplicate their conditons and, in TABLE III 

fact, used the same growth hormone preparation.‘ Lack of any large effect of growth hormone on glucose uptake and 
Effect of Insulin on Phosphorylation—In earlier studies with phosphorylation in hearts from hypophysectomized 

hearts from normal or diabetic animals (4, 5), no gross effect of and normal rats 

high concentrations of insulin in vitro on phosphorylation ac- All perfusions were carried out with 3 wg per ml of insulin in 


tivity was seen during a 30-minute perfusion period. Any the perfusion medium. Growth hormone (GH) was injected in 
inerease in rate could always be attributed to a higher level of 4 dosage of 0.1 mg per 100 g at 48 and again at 24 hours before 
intracellular substrate secondary to the acceleration of transport. killing . In the experiment in which growth hormone was added 
The present experiments are in agreement with these observa- ae ee — supplied by Dr. A. Wilhelmi 
tions. Thus theinsulin effect, if any, on phosphorylation activity oxi : 














in the heart from the diabetic animal is small compared to the Per- ——— ae ee 
eflect of hypophysectomy or adrenalectomy (Fig. 2). Phos- sahiieaaaiianes bevel Giecess uptake | = | as 
phorylation also remains extremely low in hearts from growth a es 
hormone-cortisone-treated hypophysectomized-diabetic rats. pe mg: g7) hr) | ms/100 ml | mg-g-t-hr- 
Previous work (5) with diabetic hearts showed that the depression Hypex.. 300 114.3 + 0.62 (7)| 129 + 8113.6 + 0.6 
of phosphorylation in the diabetic tissue was not caused by 8 Hypex, GH in- | | 
deficiency of hexokinase because anoxia induced an immediate jected, 48 hrs..| 300 |11.8 + 0.6 (8) | 150 + 9 110.8 + 0.6 
rise in activity to nearly the level reached by normal hearts. | | | 

é 


In contrast to this lack of any gross effect in vitro is the well Normal.......... | 300 |14.1+4 0.7 (6)| 9%+6 [13.2 + 0.7 
known fact that glucose utilization in the diabetic animal can be Normal, GH in- | | 
fully restored to normal by insulin treatment. It was, therefore, jected, 48 hrs. | 300 [12.9 + 0.4 (8) | 73 + 9 /12.4 + 0.4 
of interest to observe phosphorylation activity in the heart . , . 7 
taken from the diabetic rat after various periods of insulin treat- Mes ot GH 200 -~ + 0.5 (16) 30 + 6 wae + 0.5 
ment. The results are shown in Table IV. 7 a d pe | 

In the first experiments, rats were injected with a very large Gpa/el...... ; | 200 111.0 + 0.5 (16) 32 + 5 |10.8 +05 
dose of insulin and the hearts tested 1 hour later. Blood plasma _ 
glucose concentrations at the time of death showed that 4 of the 
\3rats tested were still markedly hyperglycemic. In these cases, 
glucose uptake and phosphorylation assays gave negative values, 
that is, glucose was released into the medium. This could be 
explained as follows. Insulin caused a marked stimulation of 











@ Standard error. 


transport in vivo which led to a very large accumulation of intra- 
cellular glucose because of the high plasma concentration (1). 
Phosphorylation remained depressed to such an extent that this 

‘This material was assayed by Dr. A. Wilhelmi just before glucose was not completely utilized, even during the period of 
sending it to us and was found to have full growth activity. perfusion. ‘This interpretation is supported by the finding that 
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TABLE IV 
Effect of insulin in vivo on glucose phosphorylation by perfused heart from diabetic and normal rats 


All experiments were carried out with 3 ug per ml of insulin and 100 mg per 100 ml of glucose in the perfusion medium except as 


indicated. 


free access to food during the time of insulin treatment. 
footnotes 1 and 2 of Table IT. 





Heart donor rats | Insulin in vivo Blood plasma 
glucose 


hrs of treatment units mg/100 ml 


Insulin was injected subcutaneously in a single dose the number of hours indicated before removal of the heart except in 
the 24-hour experiments in which protamine zine insulin was injected in divided doses 24 and 4 hours before sacrifice. 


All rats had 


The dosage schedule for growth hormone and cortisone has been given jp 


ae 1 Mean intracellular “on P 
Glucose uptake glucose Glucose phosphorylation 





—— 


meg mg/100 ml mg-g-)+hr-} % normal* 
Diabetic 0 0 720 + 65° 4.3 + 0.5% (14) 49° + 3% 4.1 + 0.5% 344 
1 20 642 + 83 (—1.8 + 1.7) (4) 121¢ + 17 (—2.6 + 1.7) 
1 20 60 + 10 7.1+ 1.0 (9) 33 + 14 6.9 + 1.0 624 
+ 20 65 + 4 7.2 + 0.6 (8) 25° + 6 7.1 + 0.6 684 
24 8 62 + 6 11.7 + 0.3 (14) 725 11.7 + 0.3 2100 
24 8 
(Perfusate glucose, 600 mg, 14.0 + 0.2 (8) 252° + 19 12.5 + 0.4 89 
100 ml) 
24 8 
(+ GH and cortisone, 24 63 + 7 11.0 + 0.2 (10) n. d.¢ 11.0 + 0.2 > 100 
hrs) 
Normal 24 Le 8 11.4 + 0.5 (8) 37° + 4 11.2 + 0.5 98 
24 8 
(Perfusate glucose, 600 mg/ 15.0 + 0.8 (7) 207° + 27 14.0 + 0.9 102 
100 ml) 


glucose concentration. 
® Standard error. 

ep < 0.01 versus 0. 

4p < 0.01 versus corresponding normal control value. 

¢ Abbreviation for none detected. 
the mean intracellular glucose concentration of the heart was 
above that in the medium, resulting in a net movement of glucose 
out of the tissue. In the remaining nine animals, in which blood 
plasma glucose concentrations had fallen to levels slightly below 
normal,’ glucose uptake was substantially greater than in the 
corresponding controls and phosphorylation activity was ap- 
proximately doubled. 

In the second experiments, the period of pretreatment was 4 
hours. These hearts showed a uniform but still incomplete 
restoration of phosphorylation activity. 

In the third experiments, pretreatment was carried out for 24 
hours. Uptake was now completely normal with no obvious 
residual impairment phosphorylation. The intracellular 
glucose concentrations were so low, however, that reliable as- 
sessment of phosphorylation activity was not possible. The 
experiments were, therefore, repeated with a high glucose con- 
centration in the assay medium. These conditions led to sub- 
stantial levels of intracellular glucose and the assay of phos- 
phorylation showed a normal activity. 

The possibility was considered that the repair of phosphoryla- 
tion in vivo was secondary to suppression of growth hormone and 
hydrocortisone secretion. This seemed unlikely, however, as 
shown by the final experiment of this series in which the phos- 
phorylation defect was fully corrected by insulin, despite simul- 
taneous treatment of the animals with growth hormone and 
hydrocortisone in amounts which had caused an extreme de- 


of 


5 Blood plasma glucose concentrations in the normal rat after 
18 hours of fasting, average about 90 mg per 100 ml. 


« Comparisons are made with values taken from the curve of phosphorylation for the normal heart at the appropriate intrace 


lular 


The number of hearts tested is given by the figure in parentheses. 


pression of phosphorylation in the insulin-deficient animal as 
noted in Fig. 2 and Table II. 

The question of whether insulin in vivo would elevate phos- 
phorylation in the heart from normal rats was examined in a few 
experiments shown at the bottom of Table IV. Despite high 
dosage with protamine zine insulin, phosphorylation activity was 
the same as found in hearts from untreated rats. A high per- 
fusate glucose concentration was used in some experiments to 
ensure a high enough intracellular glucose concentration for 
reliable assay. 


DISCUSSION 


Membrane transport is the major rate-limiting step for glucose 
uptake in hearts from normal (4), diabetic (5), hypophysee- 
tomized (11), hypophysectomized-diabetic, and adrenalectomized- 
diabetic rats in the absence of added insulin. Insulin is the only 
hormone which has a strong and rapid acceleratory effect on the 
process, as described earlier in some detail (4-6). Henderson 4 
al. (12) have observed a weak stimulatory effect of high concen- 
trations of growth hormone in vitro in the muscle from bhy- 
pophysectomized animals, but it is doubtful that this aspect of 
growth hormone activity has any physiological importance. 

Pituitary and adrenal cortical factors do not seem to inhibit 
transport directly. This is illustrated in the present work, in 
which neither hypophysectomy nor adrenalectomy led to any rise 
in the transport activity of muscle from the diabetic rat. The 
low transport rate in the diabetic muscle is thus most simply 


explained by a deficiency of insulin. These conclusions have also 
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been reached by Kipnis and Cori (10), who measured the penetra- 
tion and phosphorylation of 2-deoxyglucose in the isolated rat 
diaphragm. 

Pituitary and adrenal cortical factors secreted by the animal or 
administered in vivo influence transport indirectly by retarding 
the action of insulin (12). In the rat with an intact pancreas, 
however, no depression of uptake may occur, even with large 
dosages of growth hormone, because of a compensatory increase 
in insulin secretion. Randle (18, 19) has shown a rise in blood 
insulin-like activity after growth hormone treatment, and hyper- 
plasia of the islets of Langerhans is well documented after either 
growth hormone (20) or cortisone treatment (21). An anti- 
insulin activity of growth hormone in vitro was not observed in 
the present work, and Fisher (22) has recently questioned his 
earlier positive findings. 

The phosphorylation of glucose has the lesser rate-controlling 
function in the absence of substantial insulin concentrations un- 
der all conditions we have tested. With transport acceleration, 
however, phosphorylation becomes increasingly limiting and 
eventually assumes the greater role in uptake control. A 
quantitative analysis of control by transport and phosphoryla- 
tion has been presented (6). 

It seems that phosphorylation in the diabetic animal is in- 
hibited® by the pituitary and adrenal cortex because removal of 
either gland restores activity to normal. The present studies in 
this regard extend our earlier studies (8), those of Kipnis (9), and 
those of Kipnis and Cori (10), who observed that adrenalectomy 
of the diabetic animal improved phosphorylation of 2-deoxyglu- 
cose in the isolated diaphragm. Growth hormone and hydro- 
cortisone are both inhibitory when administered to an insulin- 
deficient animal over a period of several hours. The protein is 
active only in high dosage in the hypophysectomized-diabetic 
animal in which adrenal cortical secretion is much reduced. 
Whether or not any effect would be obtained in the complete 
absence of cortical secretion has not been tested. It is apparent 
that the largest effect is obtained when both growth hormone 
and hydrocortisone are present together. Significant effects are 
obtained under these conditions with dosages which are probably 
within the physiological range. It seems likely that hydro- 
cortisone (or related steroids) and growth hormone are the 
substances which cause the inhibition of phosphorylation in the 
diabetic tissue but the participation of other factors has not been 
excluded. It is also clear that insulin in vivo can, in time, coun- 
teract the effect of these hormones. Increased endogenous 
insulin secretion could thus account for our failure to see inhibi- 
tion by these substances injected into normal or hypophysec- 
tomized animals. It is also possible that the dosages used were 
not optimal. 

The addition of insulin in vitro does not reverse the inhibition 
of phosphorylation in the heart from the diabetic or the hy- 
pophysectomized-diabetic rat pretreated with growth hormone 
and cortisone. Henderson’ has exposed the diabetic heart to 
insulin in vitro for 2 hours with a medium fortified with protein 
and red blood cells which maintains the heart in excellent con- 


* As discussed elsewhere (15, 23), the inhibition may not be on 
hexokinase directly. Activity of the enzyme is probably regu- 
lated in part, at least, by the intracellular concentration of the 
inhibitor (24, 25), glucose 6-phosphate, through hormone effects 
at the level of the phosphofructokinase reaction. 


'M. J. Henderson, unpublished observations from this labora- 
tory. 


Morgan, Regen, Henderson, Sawyer, and Park 
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dition for long periods of time. No effect of insulin on phos- 
phorylation could be detected, although a substantial improve- 
ment in phosphorylation was seen with insulin in vivo in this 
period. The lack of effect in vitro cannot, therefore, be ascribed 
simply to slow penetration into the cell. At present, it may 
be suggested that the repair of phosphorylation in vivo is not 
a direct insulin effect but is caused by suppression or release 
of other hormones. Suppression of growth hormone and 
hydrocortisone specifically seems unlikely as noted earlier. 
Morgan, Randle, and Henderson® have shown recently that 
glucagon in vitro improves phosphorylation in the diabetic heart 
but the conditions for secretion are not known and its role in the 
improvement of phosphorylation in vivo remains uncertain. 

The perfused heart has unique advantages (4) for studying the 
control of glucose uptake. It permits a far greater experimental 
flexibility, control, and precision than do experiments with 
muscle in situ. When comparisons have been possible, findings 
in the heart and in skeletal muscle have been qualitatively in 
agreement. Furthermore, a number of parallel studies with the 
isolated rat diaphragm, (9, 10), and with the isolated fat pad 
(26), suggest a wide applicability of the control mechanisms found 
in the heart. 

With the above in mind, it may be justified to advance some 
proposals of a general nature regarding the control of peripheral 
glucose utilization in the whole animal. These concepts fit well 
with studies of de Bodo and Altszuler (27) on the turnover of 
glucose in the whole animal in various states of hormonal bal- 
ance. 

1. Normal Animal—In the postabsorptive state, glucose up- 
take is limited by transport, the rate of which is intermediate 
because it is partially activated by a low level of circulating 
insulin. The sensitivity of transport to insulin is also inter- 
mediate owing to the presence of pituitary and adrenal cortical 
secretions, including growth hormone and_ hydrocortisone. 
Phosphorylation is fully active; thus glucose uptake can be 
strongly and rapidly accelerated by insulin if the concentration is 
sufficient. The tissues are resistant to inhibition of uptake by 
pituitary and adrenal secretions because their effect is counter- 
acted by increased insulin secretion. 

2. Insulin-Deficient, Diabetic Animal—Peripheral uptake is 
mainly limited by transport which is low or very low depending 
on the degree of insulin deficiency. The response of transport 
to insulin in a physiological concentration is poor owing to the 
presence of pituitary-adrenal cortical secretions which are usually 
excessive in amount, at least in the case of the adrenal, and have 
been unbalanced by a normal output of insulin. Phosphoryla- 
tion is depressed because of the excessive and uncompensated 
adrenal cortical and pituitary activity. This depression also 
contributes to the low uptake in the absence of insulin and is 
particularly important in delaying the rise in glucose utilization 
after insulin administration. Thus the tissues of the severely 
diabetic animal are relatively insensitive to insulin at both the 
transport and phosphorylation levels. The mild diabetic, with 
limited insulin reserves for compensatory output, is very sensi- 
tive to inhibition of uptake and readily develops insulin-insensi- 
tivity after increased pituitary or adrenal cortical secretion such 
as that induced by stress. 

8 H. E. Morgan, P. J. Randle, and M. J. Henderson, unpublished 
observations. 


9 This refers to the aerobic state. Phosphorylation activity is 
increased above this level by anoxia (3, 4). 
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3. Hypophysectomized-Diabetic and Adrenalectomized-Diabetic 
Animal—Peripheral glucose uptake will be low if the insulin 
deficiency is severe enough to result in a low transport rate. 
Transport is very sensitive to insulin, however, and uptake will 
be strongly stimulated even by low levels of the hormone! 
because phosphorylation activity is not depressed. This is one 
important aspect of the well known extreme sensitivity of these 
animals to insulin. In the total picture, however, reduced 
glycogen stores and impaired gluconeogenesis are also of great 
importance. The tissues will also be very sensitive to inhibition 
of uptake by pituitary and adrenal factors at the transport and 
phosphorylation levels because of insufficient insulin reserves. 
The well known marked instability of glucose metabolism in 
these animals can thus be explained in part by an absence of the 
buffering effect of normal levels of inhibitors and accelerators of 
peripheral glucose uptake. 

4. Hypophysectomized Animal—In the postabsorptive state, 
peripheral glucose uptake is limited by transport which is low 
because of a diminished insulin secretion. The same high sen- 
sitivity to insulin is seen as in the diabetic-hypophysectomized 
preparation. This accounts for the rapid and excessive rise in 
glucose utilization and respiratory quotient with subsequent 
hypoglycemia when insulin is secreted in response to food in- 
gestion. The tissues are relatively resistant, on the other hand, 
to the diabetogenic activity of the pituitary and adrenal cortical 
factors because the animal retains an essentially normal capacity 
for compensatory insulin secretion. 

5. Adrenalectomized Animal—The muscle has not been studied 
directly by us but a variety of considerations suggest that the 
peripheral tissues would react similarly to those of the hy- 
pophysectomized animal. 

Some other factors affecting peripheral glucose utilization have 
been discussed elsewhere (23). : 


SUMMARY 


The isolated rat heart has been used to test the effects of 
pituitary, adrenal cortical secretions and insulin on glucose trans- 
port and phosphorylation. The following observations and 
conclusions have been made. 

1. The low transport activity in hearts from diabetic animals is 
not raised by hypophysectomy or adrenalectomy. This suggests 
that neither pituitary nor adrenal factors inhibit the transport 
process directly. The low activity is ascribed simply to insulin 
deficiency. ; 

2. The depression of glucose phosphorylation activity in the 
diabetic muscle is relieved by hypophysectomy or adrenalectomy, 
indicating an inhibitory effect of these glands on this step. 

3. Treatment of the hypophysectomized-diabetic animal with 
either growth hormone or hydrocortisone depresses glucose phos- 
phorylation. The hormones injected together show an additive 
(or synergistic) effect which can reduce phosphorylation to 15% 
It is probable that the inhibition of phosphorylation 
in the diabetic muscle is caused by endogenous secretion of these 


of normal. 


substances. 
4. The addition of insulin in vitro accelerates glucose trans- 


10 This insulin sensitivity also accounts in part for the sensi- 
tivity of these and of hypophysectomized animals to the insulin- 
like activity of growth hormone seen immediately after its first 
injection. This has been discussed earlier (12). 
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port in the heart under all conditions tested. The addition of 
hormone in vitro does not relieve the depression of phosphoryla- 
tion in the muscle from diabetic animals or from hypophysecto- 
mized-diabetic rats treated with growth hormone and hydrocorti- 
sone. 

5. Treatment of the diabetic rat with insulin in vivo fully 
repairs the phosphorylation defect in the heart after a time 
lapse of about 4 hours. Inhibition of phosphorylation by growth 
hormone and hydrocortisone in vivo does not occur in the presence 
of sufficient insulin. 

The observations in this and earlier papers are used to develop 
general concepts of how peripheral glucose utilization is con- 
trolled by insulin and pituitary and adrenal cortical factors 
under various conditions. 
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During the course of a study of the effects of organic acids on 
8-glucuronidase from different tissue sources, it was noted that 
kojic acid activated crude testis enzyme and not the enzyme of 
several other tissues. Further investigation of this phenomenon 
led to the discovery of an endogenous substance in mouse testis 
which “activated” calf liver enzyme. Similar substances have 
now been found in other mouse and rat tissues, and it has been 
possible to define a system in which the activating potency can 
be quantitatively determined. In addition, exploratory investi- 
gations have been completed which relate to the locus and 
nature of activator action. These experiments are now described 
and the results are discussed in relation to earlier concepts of 
8-glucuronidase activation. 


EXPERIMENTAL PROCEDURE 


Enzyme Sources—Four enzyme sources were utilized: (a) 
livers of male mice (Jackson Memorial Laboratory, Bar Harbor, 
Maine); (6) livers of rats from the Tufts University Medical 
School animal farm (descendants of the Wistar strain); (c) a 
standard purified beef liver 8-glucuronidase product with a 
potency of 5000 Fishman units (1) per ml and a specific activity 
of 5000 units per mg of protein (Ketodase, Warner-Chilcott 
Laboratories) ; (d) fresh calf liver. 

Enzyme Preparations—When appropriate, crude fresh tissue 
homogenates were prepared by homogenizing 25 to 100 mg of 
tissue in 15 ml of 0.1 M acetate buffer, pH 4.5. Partially purified 
enzymes were prepared according to the method of Fishman 
and Talalay (2). Fresh calf liver B-glucuronidase was purified 
along the lines proposed by Bernfeld, Nisselbaum, and Fishman 
(3). A final purity of 140,000 Fishman units per mg of protein 
was obtained (protein as determined by the method of Lowry 
et al. (4)) and used for certain experiments. These purer prep- 
arations were freshly diluted with acetate buffer (0.1 m, pH 4.5) 
in Lusteroid tubes cooled in ice. 

8-Glucuronidase A ssays—Crude tissue 6-glucuronidase was de- 
termined by the modified method of Fishman et al. (1,5). Keto- 
dase and purified calf liver 6-glucuronidase were similarly deter- 
mined, omitting deproteinization as the amount of protein was 
negligible. In the testing of substances for inhibition or activa- 
tion, 0.1 ml of the test solution was added to the standard digest 
and in the controls this solution was replaced by 0.1 ml of acetate 
buffer (0.1 m, pH 4.5). The final enzyme digests were incubated 
in glass tubes, as it had been shown that incubation in glass 
containers did not decrease enzyme potency, provided that dilu- 
tions had been made previously in Lusteroid tubes. Except 


* Present address, University of California Medical Center, San 
Francisco, California. 

t Mailing address, Cancer Research Department, 30 Bennet 
Street, Boston, Massachusetts. 


where indicated, the incubation times were adjusted to release 
2.5 to 30 ug of phenolphthalein. Control values were obtained 
with each day’s experiment, and in experiments in which pH 
was a variable, corresponding control digests were included. 
6-Glucuronidase activity is expressed in either Fishman units 
(F.U.) (1) or in micrograms of phenolphthalein released at 37°. 

Preparation of ‘“Activator”—Rat liver “activator” was pre- 
pared by homogenizing 28 g of rat liver in 1 liter of water, and 
then centrifuging the product at 2600 r.p.m. for 15 minutes. 
Resuspension in water and recentrifugation were done twice. 
The supernatants were discarded, and the precipitates were 
pooled and mixed with 1 liter of 1 n HCl. The mixture was 
centrifuged at 2600 r.p.m. for 15 minutes, and the precipitate 
was discarded. The supernatant was filtered to yield a crystal 
clear acid “activator” solution, with no 8-glucuronidase activity. 
It retained its activating property for at least 6 months. In the 
case of mouse liver activator, the extraction was made with 0.01 
N HCI solution. 


RESULTS 


Nature of Liver ‘“Activator’—With regard to solubility, the 
dry residue resulting from evaporation of the mouse liver hydro- 
chloric acid ‘activator’ solution was easily dissolved in water, 
1 n HCl, and 0.01 m NaCl, but not in glacial acetic acid or ab- 
solute alcohol. The activator is not dialyzable against 0.01 n 
HCl (Table I). Aliquots of liver solutions were each adjusted 
to pH 1, 7, and 10.5, and shaken with a mixture of 2 parts chloro- 
form to 1 part 95% ethyl alcohol. No “activator” activity was 
found in the organic solvent phase. Also, mouse and rat liver 
“activator” preparations were not destroyed by boiling in 1 N 
HC! for 30 minutes, but strong acid (1 N) at room temperature 
did affect its dialyzability, as shown in Table I. 

Attempts to identify essential functional groups or properties 
yielded the following information. The “activator” product 
(test sample, 800 wg) gave a negative test for carbohydrate. A 
negative test for protein (tyrosine residues) was registered by 
the method of Lowry et al. (4) which was sensitive to at least 
150 ug of chymotrypsin. The ninhydrin test for a-amino acids 
was also negative. Positive tests were obtained for P; indicat- 
ing 9 ug of phosphate per 10 mg and for pentose (orcinol method 
of Horecker (6)) indicating 10 wg per ml. There was a broad 
maximum of light absorption at 255 \ as measured on the Beck- 
man model DK 1 spectrophotometer. 

At pH 2 it was possible to remove all the material absorbing 
light at 255 \ without reducing activating potency by treatment 
with charcoal, whereas at pH 10, after two such charcoal adsorp- 
tions, the pentose remained in solution but the ‘activator’ had 
disappeared. The concentration of P; did not show any correla- 
tion with activation potency. 
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Quantitation of “‘Activating’’ Potency—One unit of ‘‘activator”’ 
is defined as the least amount of “activator” that will double the 
amount of phenolphthalein liberated from 0.001 m phenolphtha- 
lein glucosiduronic acid by a 1:120 dilution of calf liver enzyme, 
specific activity 140,000, in 1 hour at 37°. Thus, a rat liver 
prepared as above yields between 4,000 and 5,000 activator units. 
This was the experience with 16 rat livers. 

Nature of the ‘Activating’ Reaction—The activation is de- 


TABLE I 
Dialyzability of mouse liver ‘‘activator’’ 

In Experiment A, 600 ml of a 0.01 N HCI solution of ‘‘activator’’ 
were dialyzed for 22 hours in the cold against two changes of 12.3 
liters of HCl solution. The material in the dialysis tube was 
centrifuged, and the precipitate was resuspended in a volume of 
acetate buffer (pH 5.0) equal to one-sixth the volume of super- 
natant. The dialysate was not assayed. In Experiment B, 15 
ml of 0.01 n HCl solution of activator were dialyzed against 25 ml 
of water for 18 hours. In Experiment C, 25 ml of the standard 
0.01 n HCl solution of mouse liver activator was made 1 Nn with 
respect to HCl. The precipitate which appeared was removed 
by centrifugation and resuspended in water (25 ml). The super- 
natant solution was neutralized with 2 N NaOH. Aliquots (15 ml) 
of each of the supernatant (‘‘Activator” soluble in 1 Nn HCl) and 
of the aqueous suspension of precipitate (‘‘Activator’’ insoluble in 
1 n HCl) were dialyzed for 18 hours against 25 ml of water. 


Calf liver 
8-glucuronidase 
Treatment = Change 
~ + 
test test 
solution | solution 
ug phenol phthalein % 
Experiment A. ‘‘Activator”’ dialyzed : 
against 0.01 n HCl 
1. Before dialysis 4.1 13.1 +220 
2. After dialysis aH 2.5 8.1 +220 
3. Supernatant of 2 after centrifu- 
gation Pa tetetans 2.5 8.1 +220 
4. Precipitate suspension 2.5 4.7 +90 
Experiment B. ‘‘Activator’’ dialyzed 
against water..... 
1. Before dialysis or 4.1 9.2 +120 
2. After dialysis and centrifugation 
a. Supernatant. 4.1 8.6 +110 
b. Precipitate suspension. 4.1 5.3 +30 
3. Dialysate 4.4 5.0 +14 
Experiment C. ‘‘Activator’’ soluble 
in 1 nN HCl 
1. Before dialysis ke 4.1 | 16.6 +300 
2. After dialysis and centrifugation 
a. Supernatant 4.1 10.7 +160 
b. Precipitate suspension. . 4.3 4.1 0 
3. Dialysate ; 4.1 8.6 +110 
“‘Activator’’ insoluble 
in 1 N HCl 
1. Before dialysis ; 4.1 3.2 +220 
2. After dialysis and centrifugation 
a. Supernatant ; 4.1 9.2 +125 
b. Precipitate suspension 4.1 4.4 +7 
5 Agee ees 4.1 4.1 0 


3. Dialysate 
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Fic. 1. The effect of dilution of rat liver activator upon calf 
liver 8-glucuronidase. Purified calf liver, specific activity of 
140,000 F.U. per mg, was used. A concentrated activator solution 
(1.0 mg per ml) was diluted stepwise for this experiment; therefore, 
the relative concentration of activator is expressed as micrograms 
of solid per ml. 
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Fic. 2. The effect of enzyme concentration upon the degree of 


activation. A saturating concentration of ‘‘activator’’ (2 units 
per ml) was present in the experiments ‘‘with activator.” 


pendent on the concentration of ‘activator’ (Fig. 1) and of 
enzyme (Fig. 2) and not on the purity of 8-glucuronidase (Table 
II) nor the concentration of substrate nor on the presence of a 
hydroxylated glucuronyl acceptor.! 
DISCUSSION 

Previous reports of $-glucuronidase activation (9-12) de- 
scribe phenomena observed with dilute purified enzyme prepara- 
tions. These undergo a reduction in specific activity with in- 
creasing dilution of enzyme (dissociation (12)); effects which 
were reversed by known substances such as chitosan, bovine 
serum albumin, DNA, diamines, and basic amino acids. On the 
other hand, unidentified endogenous tissue activators have been 
detected in liver (10), in testis (13), and in dialyzed bovine 
aqueous humor (13). 


1The presence of a hydroxylated glucuronyl acceptor in 4 
digest is known to increase the liberation of phenolphthalein from 
its glucosiduronic acid. In this connection, significant differences 
between free glucuronic acid and liberated aglycone (phenol- 
phthalein) (7, 8) would have indicated that glucuronyl transfer 
was occurring. However, no difference was noted. 
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Comparison of the present results with earlier work indicates 
some similarities and differences relative to the purity and con- 
centration of enzyme and to the concentration and properties of 
activator. Thus, unlike previous activator studies (12), both 
crude calf liver homogenate and highly purified enzyme at high 
concentration were activated by rat liver “activator,” a fact not 
solely explained by a reversal of dissociation. However, the 
curve relating concentration of activator to enzyme activity 
(Fig. 1) resembles the one derived (12) from the Law of Mass 
Action which suggested a dissociation phenomenon. The best 
rat liver “activator” preparations were effective at one-tenth the 
quantity (half-activating concentration,? 2 ug per ml) of chito- 
san, which has been regarded until now as the most potent 
activator of dilute 8-glucuronidase. It is noted, also, that the 
functional groups of the endogenous activator are not identifiable 
as belonging to purine, pyrimidine, nucleotide, a-amino acid, or 
protein molecules or metal ions. Finally, the activator is spe- 
cific for calf liver 6-glucuronidase.* 

With regard to mechanism, the following statements are 
relevant. The activator does not serve as a glucurony! acceptor. 
The removal of an inhibitor in the substrate by “activator” is 
unlikely because repeated recrystallization of the cinchonidine 
derivative of the substrate did not alter its susceptibility to 
8-glucuronidase action (12) and because the activation is inde- 
pendent of substrate concentration. The existence of the activa- 
tion effect at low or at high concentration of enzyme similarly 
militates against considering inhibitors in the enzyme prepara- 
tion, particularly as the degree of activation was greatest at the 
lowest enzyme concentration. The possibility that the “‘acti- 
vator” protects the enzyme from inactivation is unlikely, as the 
calf liver enzyme is stable (1, 7, 12). 

The above analysis along with the experimental data, there- 
fore, suggests that the action of the liver activator is probably a 
direct one on the enzyme. 


SUMMARY 


1. Extraction of the water-insoluble cell debris of a rat liver 
homogenate with n HCI solution resulted in a clear solution which 
had the ability to activate calf liver B-glucuronidase. 

2. This endogenous activator was not dialyzable and was 
stable to both dilute acid and alkali and to boiling in 1 N HCl 
for 30 minutes. It was not soluble in organic solvents. From 
qualitative tests it seems unlikely that the activity is identifiable 
with a major carbohydrate, steroid, purine, pyrimidine, or nu- 
cleotide, or amino acid, polypeptide, or protein constituent. 

3. An activator unit is defined as the least amount of activator 
that will double the quantity of phenolphthalein liberated from 
0.001 m phenolphthalein glucosiduronie acid by a 1:120 dilution 
of calf liver enzyme, specific activity 140,000, in 1 hour at 37°. 
On this basis, between 4,000 and 5,000 activation units are 
present in a rat liver. 


*The activator concentration at which activity increases to 
50% of its maximal value at constant and low concentrations (12). 

* Rat liver ‘activator’ was unable to enhance 6-glucuronidase 
activity from the following sources: bacterial 8-glucuronidase 
(obtained from the Mann Research Laboratories, Inc., New York); 
snail (Helix pomatia) digestive juice B-glucuronidase (‘‘glusulase,”’ 
Endo Products, Ine.); crude homogenate from mouse liver, kid- 
ney, spleen, and lung; and from rat liver. 


TABLE II 


Relation between purity of B-glucuronidase and its 
capacity to be activated 


























| | Calf | 
liver | 
| Fe saessl 
| glucuronidase p 
Step of purification | Purity* | Protein — 
| | Activatort | 
rte 
ug/ml | oO 
| digest | ” 
Crude homogenate........ 2.4) 4.7) 100 
I. Supernatant of homoge- | 
SR IRRD IEP Ste 272} 4.0 | 4.6 7.8) 70 
II. Acid ammonium sulfate 
precipitation. ............ 1,046) 2.5 6.6} 12.7} 90 
III. First alkaline ammonium | 
sulfate precipitation...... 3,715 13 16.2 25 | 50 
IV. Second alkaline ammo- | 
nium sulfate precipitation. | 7,000, 6.5 5.8| 10.3, 80 
V. Ion exchange............. 5,000; 0.65 4.4| 10.6 140 
VI. Methanol fractionation. ..| 140,000 0.06 | 8.2) 33 | 300 








* F.U./mg protein. 8-Glucuronidase activity of Product VI 
was incubated in presence of bovine serum albumin but only for 
purity measurements. 

f One unit per ml. 


4. Calf liver enzyme was activated by this liver activator in a 
manner which was independent of substrate concentration, only 
partly dependent on enzyme purity and concentration, but was 
dependent on activator concentration. 

5. The nature of the activating reaction was unrelated to 
glucurony! transfer (to a hydroxylated acceptor) or to hypotheti- 
cal inhibitors in the substrate and enzyme, but appeared to in- 
volve a direct action on the enzyme protein. 


Acknowledgments—The devoted technical assistance of Miss 
Helen Dimitrakis is gratefully acknowledged. 
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Of the epithelial mucins, bovine submaxillary mucin has” EXPERIMENTAL PROCEDURE he 
attracted special interest because of its unusually high sialic Extraction Procedure—Fresh glands were obtained at 0.03 
= ne og a ay cagh pespy eH a on slaughter house and kept frozen until used. For extraction, for 
1e —_ ares of I igi tssea o Curtain and Pye (2) the frozen glands were thawed, cut into small pieces and freed The 
“_ eee (3, 4) which ogg “th “4 ely small percentages as completely as possible of connective and fatty tissues. They f gail 
of carbohydrate components. Although the products were were then passed through a meat grinder, and stirred mechani. | ratet 


reported to be homogeneous after electrophoresis at pH 7 to 8 
(2, 5), such conditions have been shown by Nisizawa and Pigman 
(6) to be unsatisfactory for the establishment of the homogeneity 
of this mucin. A highly purified material which contained 25% 
sialic acid (by direct Ehrlich method) was prepared by Heimer 
and Meyer (7). A 6M urea solution adjusted to pH 9.0 was 


cally with three changes of cold water (1000, 500, and 500 nl reco’ 
for 500 g of wet glands). The time for each extraction was 1s } _ yield 
hours. The extracts were separated from the residues by cen- Pu 
trifugation at 26,360 x g for 30 minutes and combined. ll taine 
extractions and fractionations were performed at 2-4°, unles as a 


; ‘ ° : otherwise specified. disso 
used for the extraction of acetone-dried glands, but the viscosity chlor 
of the product was not as great as that of freshly prepared Isolation of the Mucin ‘volu 

landular extracts. _ ae : 
B Method A—The lyophilized mucin clot was prepared accord- F ent 


In earlier work from this laboratory (8), the mucin was pre- 
pared from the aqueous extracts of fresh glands by precipitation 
as the mucin clot and subsequent deproteinization with chloro- 
form and amyl alcohol. The fractionation procedures were 
considered to be mild, and a product containing 32% sialic acid 
(by direct Ehrlich method) was obtained. However, the vis- 
cosity of the original extract was not completely retained in the 
product. Further attempts in this laboratory to isolate the 
mucin through fractional precipitation with cold ammonium 
sulfate and ethanol revealed that prolonged and elaborate 
purification procedures, even if mild in nature, failed to give 
undegraded mucin.! Similar observations have been made by 
other investigators.? 

The present report describes new methods for the isolation of 
the mucin from bovine submaxillary glands with minimal 
degradation and of high purity. In addition, preparations were 


ing to the procedure of Nisizawa and Pigman (6). The pooled § Was! 
extract was brought to pH 3.5 with dilute hydrochloric acid § () 4 
The resulting mucin clot was collected by wrapping it arounda — Yolur 
spatula and was dissolved in cold water by raising the pH to mixti 
7.5. The solution was lyophilized. The yield was 16 g from 64) — = ™nu 
g of ground wet glands. The lyophilized material was then stirred the 1 
with 500 ml of cold 50% (weight per volume) aqueous calcium | W485 
chloride for 1 hour (9). After centrifugation at 44,590 xg} turbi 
for 30 minutes the supernatant was fractionated with increasing 300 1 
concentrations of cold ethanol. The fraction precipitating — “ue 
between 60 and 75% (volume for volume) ethanol concentration disso] 
was separated by centrifugation at 26,360 x g for 30 minute, > Prey 
dissolved in cold water, dialyzed against cold water, adjusted to soluti 
pH 7.0 with the addition of 1 N sodium hydroxide, and lyophi- tate \ 
lized. The white powder weighed 4.1 g. The yields of th ethan 








: i yurified product are summarized in Table I with those obtainel | 48 
obtained by the procedures of Hammarsten and of Curtain and a ais acaba. Pre 
Pye, and the properties of these products as well as of the prod- "Method B—A 10% aqueous solution of cold cetyltrimethy: } ™S | 
ucts obtained earlier in this laboratory (8, 9) were compared sentintiieess: anaiiln tier inh tis en odin at 2-4° unde © Ham 
with those of the new preparations. constant stirring until precipitation was completed. Afte Dilut 

a | sis standing for 1 hour, the clotlike precipitates were collected by -— 
Pee —- etsy sed” ~rsxintalgge yay tlimong wrapping them around a spatula, washed twice with cold wate, comp! 
National Institute of Arthritis and Metabolic Diseases (A-3555, Seren angen jor aes Be at: “1 & The ¢ 
A-4619) and the Army Surgeon General (ASG MD-773). and stirred with cold 50% (weight per volume) aqueous caletut - 
+ Current address, Department of Biochemistry, Tohoku Uni- chloride. Three liters of this solvent were used for the solution rs | 
— School of Medicine, Sendai, Japan. _ . : of the precipitate obtained from 1700 g of the wet glands. Tle pn 
OB Pe yw Senge a. ag al gamma Mow York resulting solution was clarified by centrifugation at 44,590 X/ ae 

\ », Ne S. a ; : ; ; ‘ tiae e 
1 §. Tsuiki, and W. Pigman, unpublished results. for 30 minutes and fractionated with increasing concentratior aan 

2 G. Blix, personal communication. of cold ethanol. The bulk of the material was precipitated be ea 
‘ { 
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tween 60 to 70% (volume for volume) ethanol concentration and 
separated by centrifugation at 26,360 x g for 30 minutes. The 
precipitate was dissolved in cold water and converted into a 
lyophilized powder in the same manner as described for Method 
4. The yield was 22.3 g. 

Method C—Extract, 600 ml, was mixed with an equal amount 
of 0.06 M phosphate buffer containing 2% ethanol, and the re- 
sulting solution was subjected to electrodeposition by the method 
of Roseman and Watson in the same manner as described by 
Pigman, Rizvi, and Holley (10) for the preparation of hyaluronic 
acid from bovine synovial fluids. Phosphate buffer, 10 liters, 
0,03 m, pH 7.0, containing 1% (volume for volume) ethanol was 
circulated through a continuous dialyzer equipped with carbon 
electrodes in the end compartments, and the temperature inside 
the dialyzer was kept below 6°. A current of 1 ampere at 40 to 
30 volts was used. After 24 hours, the gels accumulating on 
the dialysis membranes were scraped off, dissolved in 300 ml of 
0.03 m phosphate buffer, pH 7.0, containing 1% ethanol (volume 
for volume), and subjected to electrodeposition once more. 
The final gel was dissolved in 50 ml of cold water and dialyzed 
against cold water. The voluminous precipitate, which sepa- 
rated during dialysis, was centrifuged off, and the material was 
recovered from the clear supernatant by lyophilization. The 
yield was 0.12 g. 

Further Fractionations of Purified Mucin—The material ob- 
tained by Method B was subjected to the following treatments 
as a basis for its further purification. (a) Mucin B, 1 g, was 
dissolved in 100 ml of 50% (weight per volume) aqueous calcium 
chloride. The fraction that precipitated between 60 and 70% 
(volume for volume) ethanol concentration was separated by 
centrifugation at 26,360 x g for 30 minutes. This treatment 
was repeated twice. The yield was 25% of the starting material. 
(b) Muein B, 1 g, was dissolved in 100 ml of 10% (weight per 
volume) aqueous calcium chloride and shaken with 50 ml of a 
mixture of chloroform and amy] alcohol (3:1 by volume) for 30 
minutes. After centrifugation, a white emulsion appeared in 
the lower layer which was discarded. The upper aqueous layer 
was subjected, usually twice, to the same treatment until white 
turbidity was eliminated. The yield was 87%. (c) Mucin B, 
500 mg, was stirred with 50 ml of 90% (volume for volume) 
aqueous phenol for 1 hour at room temperature. The mucin 
dissolved rapidly. Addition of 150 ml of ethanol produced no 
precipitate, and the mucin was recovered from the ethanolic 
solution by the further addition of 150 ml of ether. The precipi- 
tate was collected by centrifugation, washed several times with 
ethanol and dried in a vacuum over calcium chloride. The yield 
was 80%. 

Preparation of Mucin by Hammarsten Method—The mucin 
was prepared from the extract according to the method of 
Hammarsten (1) except that the work was carried out at 2-4°. 
Dilute hydrochloric acid (0.05 N) was added gradually to the 
extract; a precipitate was formed at pH 3 to 5, but was dissolved 
completely as more acid was added. The final pH was about 1.0. 
The addition of 4 to 5 volumes of cold water to the solution 
resulted in the formation of a voluminous, stringy mucin clot 
which was collected with the aid of a heavy glass rod and dis- 
solved in water by neutralization with 0.05 x sodium hydroxide. 
The process was repeated three times. After dialysis, the final 
solution was centrifuged at 26,360 x g for 3 hours to remove a 
trace of turbidity and lyophilized. 
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TABLE I 


Yields of mucins obtained by several preparative procedures 











Method Fraction | — pgs ty 
g/100 g dry e 
| glands e 
Original extract | (100) 
A Mucin clot 9.8 60 
A Purified mucin 2.5 28 
B Purified mucin 5.2 | 75 
C Purified mucin 0.3 | 4 





Curtain and Pye Method—Mucin was obtained by following 
the procedure described by Curtain and Pye (2) except that all 
work was performed at 2-4°. The final solution was centrifuged 
at 26,360 x g for 2 hours before lyophilization. 

Physical Methods—Viscosities were measured in phosphate 
buffer, pH 7.4 and ionic strength 0.1, at 30.0°. 
Manning semimicro viscometer (No. 200) was used. 
had a flow time of 10.8 seconds for 0.2 ml. 

The electrophoretic analyses were conducted at 1.0° in a 
Perkin-Elmer model 38 Tiselius-type apparatus with a 6-ml cell. 
The ascending patterns were used for all mobility calculations. 
Buffers used were phosphate buffers of ionic strength 0.1 at pH 
7.4 and at pH 10.3. 

Ultracentrifugal analyses were made in the Spinco model E 
analytical ultracentrifuge at 59,780 r.p.m. (259,700 x g), with 
the 12-mm analytical cell. 


A Cannon- 
The buffer 


Paper Chromatography 


Carbohydrates—Different mucin preparations in 10 mg alli- 
quots were hydrolyzed in sealed tubes with 1.0 ml of 2 n H.SO, 
at 100° for 5 hours. After neutralization with saturated barium 
hydroxide solution, the resulting precipitate was removed by 
centrifugation and dried in vacuo to dryness at 50°. Aliquots of 
10 to 20 wl of the hydrolysates were applied to Whatman No. 1 
paper and irrigated in descending chromatography for 24 to 36 
hours. Pyridine-ethyl acetate-water-acetic acid (5:3:3:1 by 
volume) (11) and n-butanol-pyridine-water (5:3:2 by volume) 
(12) were used as solvent systems. For detection of reducing 
sugars, silver nitrate (13), aniline hydrogen phthalate (14), and 
benzidine trichloroacetic acid (15) were used. The Ehrlich re- 
agent (16) and ninhydrin (17) solutions were used to detect 
hexosamines. The following sugars were used as reference com- 
pounds: t-fucose, D-mannose, D-glucose, D-galactose, p-glucosa- 
mine hydrochloride, and p-galactosamine hydrochloride. 

Amino Acids—Purified mucin, 20 mg, was hydrolyzed in a 
sealed tube with 1.0 ml of 6 Nn HCl for 24 hours at 100°. The 
humin material produced during hydrolysis was filtered off and 
the clear filtrate was dried in a vacuum over solid sodium hy- 
droxide. A 10 ul batch of the sample in 0.1 ml of water was 
run on a Whatman No. 1 paper by two-dimensional chromatog- 
raphy. The following solvent combinations were used: phenol- 
0.3% NH,OH-KCN followed by n-butanol-acetic acid-water 
(4:1:2 by volume) (13); phenol-0.3% NH,OH-KCN followed 
by 77% ethanol (18); and phenol-m-cresol-borate buffer (pH 9.2) 
(25:25:7 weight per weight per volume) followed by n-butanol- 
acetic acid-water (4:1:5) (19). Amino acids were detected with 
ninhydrin (13) and isatin (20) reagents. 
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Analytical Methods 


Total nitrogen was determined by the micro-Kjeldahl method 
(21). Protein content was estimated by both the phenol (22) and 
the biuret reagents (23). Protein content was also calculated 
from the value for Kjeldahl nitrogen after correction for the 
contribution by hexosamine and sialic acid, the nitrogen content 
of protein being assumed as 16%. The standard for the pro- 
tein determinations was crystalline bovine serum albumin. 
Sialic acid was determined by the direct Ehrlich method (24). 
For some products, the determination was also performed by 
the resorcinol (25) and thiobarbituric acid methods (26). AlI- 
though N-acetylneuraminic acid was used as standard, sialic 
acid analyses were given in terms of N-,O-diacetylneuraminic 
acid. Total hexosamine was determined by the Elson-Morgan 
method as modified by Boas (27) with the omission of resin 
treatment. For the individual determination of glucosamine 
and galactosamine, the method of Masamune and Yosizawa 
(28) was used. Paper chromatographic separation of a hy- 
drolysate was followed by extraction of the material from the 
separate spots and analysis by the Boas method. 

For the determination of L-fucose, the cysteine-sulfurie acid 
reaction of Dische and Shettles (29) was used. The 10-minute 
heating period was preferred, as interference by p-galactose 
was minimal. The amount of p-galactose was determined by 
the orcinol reaction of Vasseur (30) after correction for the 
amount of L-fucose. 

Calcium was determined directly and after wet combustion 
with perchloric acid by titration with EDTA,’ with eriochrome 
black T as indicator (Koulourides, 31). Aliquots of 2 ml of a 
0.5% solution of purified submaxillary mucin (Method B, 
reprecipitated three times with ethanol) were dialyzed against 
0.01 m EDTA adjusted to pH 7 with 0.1 Nn sodium hydroxide. 
After 2, 5, or 18 hours, the solutions were dialyzed against de- 
mineralized water for 30 minutes and then against five changes 
of phosphate buffer (pH 7.4, ionic strength 0.1) for 10 hours. 
Aliquots of 1 ml were analyzed for calcium, and the viscosity was 
measured. Similar experiments were also carried out in which 
the mucin solutions were dialyzed directly against phosphate 
buffer for 18 hours. The calcium concentration and the viscosity 
of the dialyzed solutions were determined. Dr. T. Koulourides 
carried out the calcium determinations. 


RESULTS 
Isolation and General Properties 


The yields of the mucin as prepared by three different methods 
are summarized in Table I. Although the three methods gave 
similar products, the highest yield was obtained by Method B. 
For Method A, the relative viscosities of the products at each 
step of purification were compared on a sialic acid basis. As 
illustrated in Fig. 1, no decrease in viscosity was observed during 
the purification. Methods B and C gave products of similar 
viscosity, whereas the products obtained by the methods of 
Hammarsten and of Curtain and Pye and by use of the Sevag 
procedure (8) showed much lower viscosities. 

The mucin obtained by Method A, when dissolved in water, 
formed a clear, colorless, and viscous solution. The solution of 
the product prepared by Method B was slightly turbid but could 
be clarified by filtration through a thin layer of Celite or by a 


3 The abbreviation used: EDTA, disodium salt of ethylene- 
diaminetetraacetic acid. 
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Fig. 1. Relative viscosities of the products from bovine sub- 
maxillary glands in phosphate buffer, pH 7.4, ionic strength 0.1; 
calculated as sialic acid concentration. B, Mucin purified by 
50% CaCl. extraction; C, gel obtained by electrodeposition; MC, 
mucin clot; H, mucin prepared by Hammarsten procedure; Bb, 
mucin purified by Sevag procedure; CP, mucin prepared by Cur- 
tain and Pye procedure. 


second precipitation with ethanol. A 0.1% aqueous solution of 
these products, when adjusted to pH 3.5, did not develop a 
turbidity or precipitate. A typical mucin clot, however, was 
produced when a small amount of bovine serum albumin was 
added before the acidification. Under similar conditions, the 
product obtained by Sevag deproteinization showed only a 
turbidity (8). After brief incubation with trypsin at pH 7.4, 
the mucins prepared by Methods A and B lost their ability tc 
form mucin clots completely, not only with albumin at pH 33, 
but also with cetyltrimethylammonium bromide at neutral pH 
values. The product prepared by the method of Hammarsten, 
by adjustment of pH to 3.5, formed a mucin clot, the amount of 
which increased considerably after addition of serum albumin. 
The product obtained by the method of Curtain and Pye gave 
a sticky precipitate under the same conditions. 

The lyophilized mucins could be stored cold (2-4°) for many 
months without any change in properties, whereas neutral 
solutions kept at 2-4° showed a gradual decrease in viscosity with 
time and a marked decrease in 24 hours at room temperature. 
Under the same conditions, however, the extracts or solutions of 
the mucin clot showed a far greater reduction of viscosity. 
Procedures such as ammonium sulfate fractionation, fractional 
precipitation with ethanol from dilute 5% calcium chloride, and 
Sevag deproteinization produced degraded materials when ap- 
plied directly to the crude extract or to the mucin clot; however, 


they had no. degradative effect when applied subsequently to 


mucins purified by Methods A and B. 
Physical Properties 

Viscosity—The intrinsic viscosity of the purified products 
was determined in phosphate buffer, pH 7.4 and ionic strength 
0.1 at 30.0°. For the products obtained by Methods A, B, and 
C, the values were 9.2, 10.4, and 11.0 dl per g, respectively. A 
typical determination is shown in Fig. 2. 

When the specific viscosity of the purified mucin (Method B) 
was measured at 30.0° at an ionic strength of 0.1 over a pH range 
of 2 to 12, a progressive drop with decrease in pH was noticeable 
below pH 5. The specific viscosity of a 0.3% solution at pH 2 
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was only 54% of that at pH 7. This decrease in viscosity, how- 
ever, was completely reversible on readjustment of the pH to 7. 
When solutions of the mucin were kept at pH 2 at 37° for more 
than 1 hour, a progressive decrease in viscosity with time could 
be observed. This decrease in viscosity was not reversible and 
was accompanied by a release of sialic acid from the mucin. 
After a 24-hour incubation, the specific viscosity decreased 76%, 
and nearly 40% of the initial sialic acid as determined by War- 
ren’s thiobarbituric acid method (26) was released. 

Electrophoresis—Nisizawa and Pigman (6) found that the 
mucin clot from the bovine submaxillary glands separated into 
several peaks upon electrophoresis at pH 10.0, whereas the 
resolution was much poorer at pH 7 to 9. Therefore, the 
electrophoretic patterns of the products were studied at 7.4 
and 10.3. As shown in Fig. 3, the patterns for the mucin 
obtained by Method B showed a single component at both pH 
values. The electrophoretic mobility —6.4 x 10-5 cm? vy! see 
at pH 7.4 was essentially the same as that —6.6 10-5 em? y—! 
sect at pH 10.3. The products prepared by Methods A and C 
gave similar results. Fig. 3 includes patterns for the products 
made by the methods of Hammarsten and of Curtain and Pye. 
Although these products showed a single peak at pH 7.4, they 
separated into several components at pH 10.3. The product 
obtained by Hammarsten’s procedure had components with 
mobilities of —9.9, —7.4, and —6.3 x 10-5 em? v— sec at 
pH 10.3; the most slowly moving component had the same mo- 
bility as for the single component observed at pH 7.4 and was 
also the same as for the purified mucin at both pH 7.4 and 10.3. 
Fig. 4 shows several electrophoretic patterns of the original ex- 
tract. The reversibility of these patterns with the change in pH 
strongly indicates that the several components observed at pH 
10.3 for these products are not due to an alteration of the mucin 
molecule. In addition, these products had the same viscosity at 
pH 7.4 and 10.3. 

Sedimentation—Ultracentrifugal patterns at pH 7.4 for the 
product prepared by Method B and at pH 10.3 for that obtained 
by Method A were obtained. In both, a single hypersharp peak 
was present. The preparation obtained earlier in this laboratory 
(8), although homogeneous after electrophoresis at pH 10.0, 
separated into two components after ultracentrifugation at the 
same pH. The present products showed no such tendency 
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Fig. 2. Viscosity of bovine submaxillary mucin prepared by 


Method A in phosphate buffer, pH 7.4, ionic strength 0.1. 
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Fig. 3. Electrophoretic patterns of the submaxillary mucin. 
A, Product obtained by Method B; B, product obtained by Ham- 


marsten method; C, product obtained by Curtain and Pye method. 
Left, pH 7.4; right, pH 10.3. 
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Fig. 4. Electrophoretic pattern of the extract. A, at pH 7.4; 


B, at pH 10.3; C, sample exposed at pH 10.3 and restored to pH 
74. 





even after 3 hours of centrifugation. For the product obtained 
by Method B, the sedimentation coefficients were determined at 
pH 7.4 at several different concentrations. The reciprocal, 1/S, 
was plotted against concentration and extrapolated to infinite 
dilution. The 8%,» thus obtained was 11.1. 


Chemical Composition 


Identification of Components—Paper chromatographic analysis 
of acid hydrolysates of the mucin prepared by the present 
methods revealed the presence of spots corresponding to L- 
fucose, D-galactose, D-glucosamine, and p-galactosamine. For 
some of the preparations examined, a very faint spot for p- 
mannose was also found. This spot was more intense for the 
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products obtained by the methods of Hammarsten and of 
Curtain and Pye. The amino acids liberated by hydrolysis of 
the present products by 6 N hydrochloric acid were identified by 
two-dimensional paper chromatography. Evidence was obtained 
for the presence of the following amino acids: glycine, alanine, 
glutamic acid, aspartic acid, serine, threonine, proline, leucine, 
valine, isoleucine, methionine, lysine, arginine, and histidine. 
The spots for the last two amino acids were not as clear as those 
for the others. No significant absorption maximum was found 
at 280 mu when a 0.1% solution of the purified mucin was 
examined at pH 7.4. 

Carbohydrate and Protein Analyses—F¥or determinations of the 
total hexosamine, purified mucin (Method B) was hydrolyzed 
with 0.5, 2, and 4N hydrochloric acid for various times. The 
maximal values were the same regardless of the strength of the 
acid. The mucin was also hydrolyzed with 0.1 N sulfuric acid 
at 80° for 1 hour in order to determine the amount of sialic acid 
by Warren’s thiobarbituric acid method (26). The value was 
16.2%, far lower than those obtained by the direct Ehrlich 
(29.2%) and the resorcinol methods (28.7%). 

A 1% solution of the mucin was hydrolyzed with 0.1 N sul- 
furic acid at 80° for 1 hour and then dialyzed against two changes 
of 10 volumes of water for a total of 24 hours. The amount of 
sialic acid was then determined by the direct Ehrlich and 
thiobarbituric acid methods for the dialyzable portion and by 
the direct Ehrlich method for the nondialyzable material. 
The results are shown in Table II. Although a discrepancy was 
was still found between the sialic acid values obtained by the 
two methods for the dialyzable fraction, it appears that the 
marked discrepancy found for the unfractionated hydrolysate 
seems probably to arise from incompleteness of hydrolysis in 
the thiobarbituric acid method. Extension of the hydrolysis 
time, elevation of the temperature or an increase in acidity, how- 
ever, did not increase the amount very much. This result indi- 
cated that the hydrolytic conditions of the thiobarbituric acid 
method are optimal but that considerable loss occurs (32). For 
the direct Ehrlich method, the hydrolytic conditions and frac- 
tionation by dialysis had no effect on the determinations. 

Tables III and IV show the chemical composition of products 
by the several methods of preparation. The product obtained 
by Method B contained about 35% of protein and 65% of 
carbohydrate consisting mainly of sialic acid and hexosamine. 
The ratio of glucosamine to galactosamine was 0.22, 0.24, and 
0.26 for three analyses of the product B precipitated three times 


TABLE II 
Yields of sialic acid from mucin after acid hydrolysis and 
fractionation by dialysis 


Experiment 1 Experiment 2 


Thiobar- 


Direct Thiobar- Direct 
Ehrlich bituric acid Ehrlich bituric acid 
reaction method reaction method 
mg % mg v/ mg % mg % 
Unhydrolyzed 17.8) (100) 71.0 (100) 
Hydrolyzed 
Unfractionated 18.2) 102 | 9.6 (100) 73.5) 104 | 40.4 (100) 
Dialyzed 
Nondialyzable 2.7| 16 11.2| 16 
Dialyzable.....| 15.0, 84 | 9.9 103 | 57.6; 81 | 43.2) 107 
Total 17.7, 100 68.8) 97 
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TaBLeE III 
Chemical composition of bovine submazillary mucins obtained by 
several preparative procedures (% of dry weight) 





Method Additional fractionation |Total N per } amine (a | —. phi 
% | % | 2% % | % 
A None 8.95 | 27.8| 22.1 | 2.0 | 19 
A Reprecipitated 8.75 | 29.1 23.8 | 2.3 | 1.6 
by ethanol once | 
B None 8.79 | 30.9 | 21.6 | 2.4 | 16 
B Reprecipitated | 8.90 | 28.0| 23.1 | 2.3 | 16 
by ethanol 3 
times? 
B Treated by Sevag | 8.70 | 29.9 | 21.9 
procedure 
B Extracted with | 8.81 | 28.6 2:2 1:3 
90% phenol 
c None 9.00 | 27.8} 20.9 | 2.5 | 1.8 
H: None 19.4| 15.9 | 2.6 |. £i 
C & P?| None 22.6 | 16.7 2.8 | 1.2 
« By direct Ehrlich method. 
> Calcium content 1.5%. 
¢ Hammarsten method. 
4 Curtain and Pye method. 
TaBLe IV 


Protein content of bovine submaxillary mucins obtained by 
several preparative procedures (% of dry weight) 


Protein content by: 





Method Additional fractionation Corrected 
Biuret Phenol Kjeldahl 
method method N deter- 

minations 
<= | 
A None 37.0 40.0 
A Reprecipitated by etha- 35.8 38.0 
nol once | 
B None 37.3 36.4 38.7 
B Reprecipitated by etha- | 36.7 33.7 39.5 
nol three times 
B Treated by Sevag proce- 37.0 34.6 38.2 
dure 
B Extracted with 90% phe- 33.7 
nol 
C None 37.3 41.0 
He None 62.4 56.6 
C & P’| None 61.5 54.8 


@ Hammarsten method. 
’ Curtain and Pye method. 


with ethanol. Thus, the molar ratio of each carbohydrate 
component was sialic acid 1.00, p-glucosamine 0.34, p-galactosa- 
mine 0.96, p-galactose 0.016, and t-fucose 0.012. The general 
composition was very similar to that of the product obtained 
earlier (6, 9). The products obtained by Methods A and C 
showed identical chemical composition. The consistency of the 
composition of the mucin before and after treatment with ve rious 
fractionation procedures also indicated the homogeneity of the 
product. 

The products obtained by the methods of Hammarsten and 
of Curtain and Pye contained a similar proportion of the carbo- 
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hydrate components, but had much more protein and less carbo- 
hydrate. 

The analytical data given by previous workers (3) for these 
products were sialic acid 16.8%, hexosamine (not acetylated) 
10.0%, and 1.8% neutral sugars for a product obtained by the 
former procedure. The sialic acid was 17%, hexosamine 10%, 
and neutral sugars 1.6% for a product obtained by the Curtain 
and Pye method (4) and were closely similar to those found for 
the products reported in Table III. Hexuronic acid was not 
found in any of the products listed in Table ITI. 

Calcium Concentration and Availability—Mucin B reprecipi- 
tated three times with ethanol was analyzed for calcium, and the 
rate of release of calcium was studied. Three analyses gave 
0.0392, 0.0397, and 0.0407 mole/100 g of drymucin. Theaverage 
value (0.0399) was almost one-half of the sialic acid content 
(0.08 mole). The mucin was, thus, the calcium salt. 

Mucin solutions were dialyzed against EDTA at pH 7.0 and 
against sodium phosphate buffer at pH 7.4. Within the limits 
of the method, all of the calcium was released after 2 hours of 
dialysis against EDTA. The release was much slower when 
the dialysis was carried out against sodium phosphate buffer. 
The loss was 19% at 2 hours, 24% at 5 hours, and 42% at 18 
hours. For both types of dialysis, the initial intrinsic viscosity 
of 9.4 dl per g was not altered appreciably after the dialysis 
treatment. 


DISCUSSION 

A comparison of several new and old methods for the prepara- 
tion of mucin from bovine submaxillary glands has shown that 
Method B is the best. By it, the best yields of viscous materials 
of high purity were obtained. The method involved precipita- 
tion with cetyltrimethylammonium bromide, purification by 
solution in 50% (weight rer volume) aqueous calcium chloride 
and, finally, precipitation by ethanol. 

The best materials showed single peaks in the electrophoretic 
and ultracentrifuge patterns at pH 10.3. Previous work in this 
laboratory (8) has also shown that homogeneity cannot be 
judged from such patterns at pH 7 to 8.6. Products prepared 
in the present work by earlier procedures appeared to be homo- 
geneous at pH 7 to 8.6, but showed several components at pH 
10.4. 

The principal impurity was a protein or proteins, presumably 
strongly basic since it separated only at the high pH. Products 
prepared by most earlier methods had a much greater protein 
content than the best products obtained in the present work. 
The earlier material of Nisizawa and Pigman (8) had less pro- 
tein than that obtained by Method B but had a lower viscosity 
and was apparently degraded somewhat. The ovine submaxil- 
lary mucin of Gottschalk and Simmonds (33) was reported to 
contain 58% protein. Inasmuch as it was prepared by the 
Curtain and Pye method, known not to remove proteins com- 
pletely, the reported amino acid composition of this and similar 
materials seems questionable. 

Although as indicated earlier (7, 8, 33), the molar ratio of 
galactosamine to sialic acid was close to one, small amounts of 
L-fucose, p-glucosamine, and p-galactose were also present. The 
significance of these sugars is not clear. They may represent an 
impurity but were present in about the same amounts in all 
products, independent of the method of preparation. They were 
also not removed by extraction with 90% phenol. Most likely, 
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they are minor constituents of a molecule mainly composed of 
peptide, galactosamine, and sialic acid units. 

The thiobarbituric acid method for the determination of 
sialic acid was compared with the direct Ehrlich method. For 
free sialic acid, the methods gave similar results. For bound 
sialic acid requiring prior hydrolysis, the two methods gave 
quite different results. The thiobarbituric acid gave very low 
results apparently as a result of destruction of sialic acid during 
the prior hydrolysis. Although some degradation may occur 
during the direct Ehrlich reaction, some of the products formed 
during hydrolysis may still react with the Ehrlich reagent (34). 


SUMMARY 


A comparison of several new and old methods for the prepara- 
tion of the calcium salt of bovine submaxillary mucin has shown 
that the best products and highest yields could be obtained by 
precipitation with cetyltrimethylammonium bromide and a 
later fractional alcohol precipitation from solutions in 50% 
aqueous calcium chloride. 

The presence of extraneous proteins in impure mucins could 
be demonstrated by electrophoresis at pH 10.4 but not at pH 
7.4 or 8.6. Most products obtained by earlier procedures con- 
tained appreciable amounts of basic proteins. 

The best submaxillary mucin consisted of about 35% peptide 
units and galactosamine and sialic units in equal molar ratios. 
Small amounts of glucosamine, p-galactose, and L-fucose were 
present. These seem to have been minor constituents rather 
than impurities. 

The thiobarbituric acid method was shown to give low values 
for bound sialic acids. 
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Biosynthesis of Pneumococcal Capsular Polysaccharides 


I. PROPERTIES OF THE SYSTEM SYNTHESIZING TYPE III CAPSULAR POLYSACCHARIDE? + 


Evetyn E. B. Smiru, Georce T. Mitts, anp Harriet P. BERNHEIMER 


From the Department of Medicine, State University of New York College of Medicine at New York City, 
Brooklyn 3, New York 


(Received for publication, February 2, 1961) 


In a previous report (1), the synthesis of Type III pneumococ- 
cal capsular polysaccharide (S II) from C-labeled uridine 
diphosphoglucose and C"-uridine diphosphoglucuronic acid by a 
partially fractionated, cell-free enzyme system from Type III 
pneumococcus was described. A net synthesis of polysaccharide 
was demonstrated and it was shown that the hexose from UDP- 
glucose contributed specifically to the glucose residues of the 
polysaccharide molecule, whereas the hexuronic acid from UDP- 
glucuronic acid contributed to the glucuronic acid of the polysac- 
charide. The incorporation of glucose and of glucuronic acid 
from the C4-UDP-glucose and from the C-UDP-glucuronie acid 
occurred in a ratio of 1:1. The radioactive polysacchairde was 
shown to be precipitable by Type III pneumococcal antibody. 

The present paper reports some of the properties of the en- 
zyme system which synthesizes S III from UDP-glucose and 
UDP-glucuronie acid. 


EXPERIMENTAL PROCEDURE 


The organism used, A66R-1b, was a mutant of Diplococcus 
pneumoniae, Type III, which produces a lesser amount of 
capsular polysaccharide than does its parent strain A66 which 
was used in previous experiments (1). Strain S_i, (2), which 
produced negligible amounts of capsular polysaccharide, was also 
studied for polymerizing activity. 

Cultural conditions were as described by Smith et al. (1) with 
1 liter of medium. In the case of strain A66R-1b, which pro- 
duces a moderate amount of capsular polysaccharide during 
growth, the enzyme catalyzing the hydrolysis of S III polysac- 
charide was included in the medium (1). The technique of 
enzyme fractionation has been described elsewhere (3, 4) and, 
after dialysis of the enzyme extract against 0.01 m potassium 
thioglycolate, the dialyzed material was centrifuged at 3,000 x g 
for 10 minutes. The volume of the supernatant solution was 
then adjusted in each case to 6 ml with water to provide the final 
enzyme extract. 

After the requisite incubation period, each assay tube was 
heated for 2 minutes in a boiling water bath, rapidly cooled in 
running water, and centrifuged at 3,000 x g for 15 minutes. 
The S III present in aliquots of each supernatant fluid was 
estimated photometrically by measurement of the specific 


* Supported by Grant E-1018(C5) from the National Institute 
of Allergy and Infectious Diseases, United States Public Health 
Service. 

{ The Type III anticapsular serum used in these experiments 
was made available through the courtesy of Dr. E. F. Roberts, 
Wyeth Laboratories, American Home Products Corporation. 


antigen-antibody precipitate formed in the presence of excess 
antibody (5). 

UDP-glucose labeled with C™ in the glucose part of the 
molecule was prepared as described by Smith et al. (1). The 
specific activity of the UDP-glucose was 1.5 X 10® c.p.m. per 
pmole. 

UDP-glucose (98 to 100% pure) and UDP-glucuronic acid 
(98 to 100% pure) were obtained from Sigma Chemical Com- 
pany. 

Purified Type III capsular polysaccharide was kindly donated 
by the Squibb Biological Laboratories. 

Protein estimations were carried out by precipitation of protein 
from 0.2-ml aliquots of the enzyme solutions with perchloric acid 
at a final concentration of 2%. The centrifuged precipitates 
were washed several times with ice-cold 2% perchloric acid, 
dissolved in 2 ml of 0.1 N NaOH, and the protein was estimated 
colorimetrically by the method of Lowry et al. (6). 


RESULTS AND DISCUSSION 


In order to determine whether strain A66R-1b is as active in 
synthesizing S III as the parent strain A66 used previously (1), 
an experiment was carried out with the use of C-labeled UDP- 
glucose and UDP-glucuronic acid in the manner described for 
strain A66 (1). In this experiment, the amount of S III syn- 
thesized and the specific activity of the newly synthesized poly- 
saccharide were of the same order as for strain A66. It was, 
therefore, decided to use strain A66R-1b for a study of the 
polymerizing system, thus permitting the use of less capsular 
depolymerizing enzyme during growth of the organism. 

Recovery of Type III Capsular Polysaccharide Added to Enzyme 
Extracts—When § III was added to enzyme extracts under the 
experimental conditions used, the recovery estimated by the 
antigen-antibody reaction was 97% to 99% within the range of 
50 ug to 200 ug of S IIT added. 

Optimal Temperature for S ITI Synthesis—The rate of synthesis 
of S III was determined at various temperatures and the results 
are shown in Fig. 1. It will be noted that MgCl: is present in 
the reaction mixture at a concentration of 0.005 m. In the ab- 
sence of Mg++, synthesis of S III is negligible. 

Optimal pH for S III Synthesis—The rate of synthesis of S III 
at varying pH values is shown in Fig. 2. Control experiments 
showed that estimation of 8 III by the antigen-antibody reaction 
was not influenced by pH within the range of pH 7.0 to 9.1. 

Effect of Substrate Concentration on Synthesis of S III—Fig. 3 
shows the effect of substrate concentration on the synthesis of 
S III when the amounts of UDP-glucose and UDP-glucuronic 
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TEMPERATURE 


Fic. 1. Temperature activity curve. Each assay tube con- 
tained 0.5 ml of the standard A66R-1b extract, 1 umole of UDP- 
glucose, 1 umole of UDP-glucuronic acid, and 0.1 m Tris buffer, 
pH 8.35, containing 0.005 m MgCl., to a final volume of 3ml. Con- 
trol tubes for each temperature were set up without UDP-glucose 
and UDP-glucuroniec acid. Incubation was carried out for 1 hour 
and the values for the S III synthesized were obtained by subtract- 
ing reaction and control readings. 
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Fic. 2. pH Activity curve. Experimental conditions were as 
described in Fig. 1 with the use of 0.1 m Tris buffers of varying pH 
values within the range of 7.0 to 9.1. Incubation was carried out 
at 32° for 1 hour. 
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CONCENTRATION OF EACH SUBSTRATE 


(4 MOLES) 

Fic. 3. The effect of substrate concentration on S ITI synthesis, 
Experimental conditions were those described in Fig. 1 with the 
use of various amounts of UDP-glucose and UDP-glucuronic acid 
within the range shown. A constant ratio was maintained be- 


tween the substrates. Incubation was carried out at 32° for 1 
hour. 


acid were varied while maintaining a constant ratio of 1:1 be- 
tween them. Fig. 4 shows the results obtained when the con- 
centration of UDP-glucose was varied while that of UDP-glu- 
curonic acid was kept constant, with a reciprocal experiment in 
which the concentration of UDP-glucuronic acid was varied with 
constant UDP-glucose. 

The reaction shows maximal activity when both substrates are 
present in equimolar amounts at a concentration of 0.33 umole 
per ml of each. Above this concentration, inhibition by excess 
substrate is apparent. When the substrate concentrations are 
varied independently (Fig. 4), a different pattern is evident. If 
the level of one substrate is maintained at 0.33 umole per ml, 
maximal synthesis occurs when the concentration of the other 
substrate reaches 0.5 umole per ml. At this ratio, the level of 
synthesis is then higher than that obtained when both substrates 
are at a concentration of 0.33 umole per ml. Reference to Fig. 4 
shows that synthesis at the maximal point is greater with variable 
UDP-glucose than with variable UDP-glucuronic acid. The 
anomalous behavior at low substrate concentrations cannot be 
explained as yet and must await isolation of the S III-synthe- 
sizing system in a more pure form. 

Synthesis of S III as Function of Time and Enzyme Concentra- 
tion—Under the conditions used, maximal synthesis of 8 III was 
obtained in 60 minutes and the rate of synthesis was proportional 
to enzyme concentration. 

Synthesis of S III by Noncapsulated Type III Variant, Strain 
S_im,—Evidence derived from a study of binary capsulation 
experiments in pneumococcus indicates that many noncapsulated 
variants of pneumococcus, Type III, possess the genetic deter- 
minants for the S III-polymerizing system and are noncapsulated 
as a result of their inability to convert UDP-glucose to UDP- 
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Fic. 4. The effect of substrate concentration on S III synthesis. 
Experimental conditions were those described in Fig.1. O——O, 
Constant UDP-glucose (1 umole) and variable UDP-glucuronic 
acid; X——X, constant UDP-glucuronie acid (1 umole) and vari- 
able UDP-glucose. Incubation was carried out at 32° for 1 hour. 


glucuronic acid (7). Strain S_ni, isan example of such a variant 
and it was decided to determine whether or not enzyme prepara- 
tions from this strain would synthesize S III polysaccharide 
from added UDP-glucose and UDP-glucuronie acid. 

TheS_i1, organism, which produces negligible amounts of 8 III 
polysaccharide, was grown both in the presence and in the ab- 
sence of capsular depolymerizing enzyme. Fractionation was 
carried out in the manner described and the enzyme extracts 
were tested for their ability to synthesize S III. The results are 
shown in Table I. 

It is apparent that strain S_u1, will synthesize S III when 
supplied with the requisite nucleotide substrates. As con- 
firmatory evidence, an enzyme extract from a culture of S_in,, 
grown in the presence of the S II I-depolymerizing enzyme, was 
incubated with C'-labeled UDP-glucose and UDP-glucuronic 
acid. The S$ III polysaccharide was isolated and examined by 
the methods described previously (1). The results are presented 
in Table IT. 

When an enzyme preparation from strain S_1, is used at the 
same protein concentration as one from strain A66R-1b, the re- 
action rate is only 30% of that obtained with the A66R-1b 
preparation. This finding suggests that the system which 
synthesizes § III in strain S_i, is less efficient than the systems 
in strain A66 and A66R-1b. 

Dependence of Reaction Rate on Amount of S III Present— 
During the course of this work it became evident that the extent 
of $ ITI synthesis by extracts from strain A66R-1b was dependent, 
not only on the amount of enzyme used, but also on the amount 
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of S III polysaccharide present in the extracts. Data from a 
series of experiments have been summarized in Fig. 5, where the 
S III synthesized per mg of protein is plotted against the amount 
of S III initially present in the extracts. A definite relationship 
appears to exist between synthetic activity and the amount of 
polysaccharide present in such extracts. 

The apparent dependence of S III polysaccharide synthesis on 
the amount of S III polysaccharide present is not influenced, 
however, by the addition of varying amounts of pure § III 
polysaccharide to the enzyme extracts. In such instances, no 
stimulation of synthesis occurs within the range of 20 to 200 ug 
of added § III. 

In the case of strain S_111., the dependence of S III synthesis on 
the amount of polysaccharide present in the extracts is less 
obvious. 

Particulate Nature of S III-Synthesizing System—When enzyme 
extracts prepared in the manner described were centrifuged at 


TABLE I 
Synthesis of S III by strain S_in, 

Experiment I—A 1-liter culture of strain S_i11, was grown in the 
presence of 50 units of capsular depolymerase and the enzyme ex- 
tract was prepared as described. Each assay tube contained the 
volume of enzyme specified, 1 umole of UDP-glucose, 1 umole of 
UDP-glucuronic acid, and 0.1 m Tris buffer, pH 8.35, containing 
0.005 m MgCl: to a final volume of 3 ml. Control tubes contained 
no substrate. Incubation was carried out at 32° for 1 hour. 

Experiment II—A 1-liter culture of strain S_1m1, was grown with 
no added capsular depolymerase. Experimental conditions were 
identical with the above. 

















a |. =. S Ti S III 
Experiment | Enzyme volume | (no substrate) a synthesized 
: ml ug ug ug ; 
I | 0.25 13 25 12 
| 0.5 | 23 a] 
1.0 41 108 | 67 
} | 
II 0.2 | 2 3% 6] OS 
0.5 | 41 74 | 
0.75 70 141 | 71 
1.0 | 84 18:0 8 8| = %6 
TABLE II 


Incorporation of C'*-glucose from labeled UDP-glucose into S III 
by strain S_i11, in presence of unlabeled UDP-glucuronic acid 
The enzyme for the following experiment was an aliquot taken 

from the extract used in Experiment I, Table I. The reaction 

mixture contained 1 umole of C“-UDP-glucose, 1 umole of UDP- 
glucuronic acid, 1 ml of the enzyme extract, and 0.1 m Tris buffer, 
pH 8.35, containing 0.005 m MgCl: to a final volume of 6 ml. In- 
cubation was carried out at 32°forl hour. The isolation and de- 
termination of radioactivity in the polysaccharide was as de- 
scribed by Smith et al. (1). 
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S Ill 
Substrate bay al pelymec- Specific activity 
isolated 
en ee | : 

min ug | c.p.m./mg 

C4-UDP-glucose (1 umole) + 1 | 
umole of UDP-glucuronic acid.. 60 | 44 | 63,800 
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Fic. 5. Dependence of reaction rate on S III present. The re- 


sults of a series of experiments with strains A66R-1b and S_m. are 
shown as a plot of the S III polysaccharide synthesized per mg of 
protein against the S III polysaccharide present in the enzyme 
extracts. @——@, Strain A66R-1b; O——O, Strain S_un. 


140,000 x g for 60 minutes, it was found that almost all of the 
S III-synthesizing activity was associated with the sedimentable 
material. 
Table ITI. 

Table III shows that less than 10% of the total enzyme activity 
is found in the supernatant solution and that the synthesis of S 
III polysaccharide is proportional to the amount of particulate 
material used. At the highest level of particulate material used 
in this experiment, the amount of S III synthesized represents 
complete utilization of the substrates available. 


The results of a typical experiment are shown in 


SUMMARY 


The enzyme system from Type III capsulated pneumococci 
which catalyzes the formation of the specific capsular polysac- 
charide from uridine diphosphoglucose and uridine diphospho- 
glucuronic acid has been shown to have a pH optimum at 8.35 and 
a temperature optimum at 32°. The reaction is dependent on 
the presence of Mgt+, is proportional to enzyme concentration. 
and shows optimal activity when one substrate is present at a 


concentration of 0.33 mm and the other at 0.5 mm. The activity 


Properties of S III-Synthesizing System 


Taste III 

Synthesis of S III by particulate material from enzyme extrag; 
of strain A66R-1b 

A standard enzyme extract was prepared from a 2-liter culture 

of strain A66R-1b grown in the presence of 100 units of capsula; 

depolymerase. After dialysis, the enzyme preparation was cep. 

trifuged at 30,000 X g for 10 minutes. 


M potassium thioglycolate, and centrifuged at 140,000 X g for 69 
minutes. The particulate material obtained by this centrifuga. 
tion was suspended in 4 ml of 0.1 m Tris buffer, pH 8.35, containing 
0.01 m potassium thioglycolate. 
pH 8.35 as described in Table I. 


All assays were carried out at 


S Ill 


Amount of fraction used ea Bes danenn synthesized 
uE us ug 
Particulate, 200 wl............ 24 126 102 
Particulate, 400 ul ctearbaraes 47 270 223 
Particulate, 600 ul Seve deeed 71 357 286 
Particulate, 800 wl............ 89 433 344 
Supernatant, 1.25 ml......... 19 33 14 


of the enzyme appears to be dependent on 
formed Type IIT capsular polysaccharide. 

Ultracentrifugation has shown that the S III-synthesizing sys- 
tem is present in the particulate fraction sedimented between 
30,000 x g and 140,000 x g. 

Extracts from a noncapsulated Type III pneumococcus are 
also capable of synthesizing Type III capsular polysaccharide 
from uridine diphosphoglucose and uridine diphosphoglucuronie 
acid. The synthetic activity of such extracts is less than that of 
extracts from capsulated cells. 


the presence of pre- 
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223 —COSY 
286 | ‘ ; :' 
si It has been shown by Fitting and Doudoroff (1) that maltose The preparation, when stored for 3 months at —20°, did not 
14 phosphorylase causes the reversible cleavage of maltose in the show any appreciable loss of activity. 
—_ } reaction, Maltose Phosphorylase Activity—The rate of arsenolysis of 
maltose served as the measure of activity (cf. (1)). The reaction 
inal 4.0-a-p-glucosyl p-glucose + Pj — @-glucose-1-P + glucose (1) mixture in a final volume of 2 ml contained: maltose, 100 umoles; 
aii ; : sodium arsenate, pH 6.5, 40 wmoles; histidine buffer, pH 6.5, 40 
ossaall Since xylose could be substituted for glucose to yield 4-O-a-p- mmoles; and crude enzyme, 5 mg of protein. After incubation 
ta ‘Ys | glucosyl p-xylose (2), it seemed possible that the mayer could for 60 minutes at 37°, the reaction was terminated by depro- 
etween | be used for the synthesis of yet other disaccharides possessing the teinization with the Ba(OH):, ZnSO, reagents (4) and the 
es a-1,4 linkage. ‘The present communication demonstrates that glucose formed was measured with glucose oxidase (5). Assays 
wis ae | glucosamine, N-acetylglucosamine, and 2-deoxyglucose can  \ere corrected for weak maltase activity which was present in 
ccharidé | indeed serve as substrates to yield the corresponding maltose some extracts. Maltose phosphorylase activity corresponded 
— analogues. The preparation of these new disaccharides and 4, 4 to 6 umoles of glucose formed per mg protein per hour. 
n that of | some of their properties are also reported. The crude extract also contained an enzyme which converts 
B-glucose-1-P to glucose-6-P in the presence of a divalent cation 
EXPERIMENTAL PROCEDURE (6). This interfering reaction was eliminated by addition of 
> expert EDTA! 
Methods and Materials Serum Maltase—A dialyzed ammonium sulfate fraction pre- 
Cultivation of Bacteria and Preparation of Crude Maltose Phos- pared from ox serum according to Lieberman and Eto (7) was 
ss phorylase—Enzyme was previously prepared from Neisseria used. 
AND Avs- 


meningitidis (1). In the present work a nonpathogenic or- Analytical Methods—Reducing aldose was measured iodimet- 
fed., 110, ganism, Neisseria perflava, was used since we were able to show _rically (8), glucose with glucose oxidase (5), 2-deoxyglucose with 

that it contains relatively large amounts of maltose phos-  thiobarbiturate (9), glucosamine with the Elson and Morgan 
AND AUs- phorylase. N. perflava, kindly donated by Dr. J. Mager, was reagent (10), N-acetylglucosamine according to Aminoff et al. 


eer”, cultivated in a medium containing the following ingredients (%): (11) and also according to Reissig et al. (12). Protein was 
: Bactopeptone, 1; yeast extract, 0.5; NaCl, 0.5; NasHPO,- determined colorimetrically according to Lowry et al. (13) and 
12H,0, 0.5, and glucose, 1. Cultures were grown at 37° for 20 turbidimetrically according to Stadtman et al. (14). Pi was 
RANDALL, hours in a New Brunswick shaker incubator operating at 120 measured by the method of Fiske and SubbaRow (15). 
aie rp.m. One volume of a fresh culture served as starter for 10 The disaccharides to be described in the present communica- 
> MILs. 


volumes of medium. Harvest of bacteria and preparation of tion were determined by assay of the glucose released after 

: extracts were carried out in the cold. Cells were collected in the hydrolysis in 2 N HCl for 1 hour at 98°. 

_ Sharples centrifuge and the sediment was washed twice with 10 Chemicals—Phosphate buffer contained both Na+ and Kt. 
volumes of 0.02 m Tris buffer, pH 7.4, containing 0.5% KCl. 8-Glucose-1-P was prepared by phosphorolysis of maltose (16). 
Cells were finally suspended in the above buffer at a concentra- Mannosamine and N-acetylmannosamine were kindly donated 
tion of 1.5 g (wet weight) /10 ml and disrupted in the Nossal by Dr. 8. Roseman. Other materials were commerical prepara- 
shaker (3) or in a Raytheon 10-ke oscillator. Cell debris was _ tions. 
removed by centrifugation at 10,000 x g for 20 minutes. About 
3g of extract protein were obtained per 10 liters of culture. This — 
extract served as crude maltose phosphorylase in all experiments. A variety of sugars were tested in the maltose phosphorylase 


hos ’ system to establish whether they react with 6-glucose-1-P to 
* This investigation was supported in part by a research grant 


(E-1494) from the National Institutes of Health, United States 1 The abbreviation used is: EDTA, ethylenediaminetetraace- 
Public Health Service. tate. 


2183 








2184 


TaBLe I 
Glucosyl transfer from B-glucose-1-P to aldohexoses 
The reaction mixture in a final volume of 1 ml contained: 6- 
glucose-1-P, 10 umoles; aldohexose, 20 wmoles; EDTA, 5 umoles; 
histidine buffer, pH 6.5, 50 umoles; and crude maltose phosphory!- 
The system was incubated for 180 minutes 
at 37°, and the reaction was stopped with 5% trichloroacetic acid. 


ase, 5 mg of protein. 








Pj formed from 


Hexose added* B-glucose-1-P 


pumoles 
ne ere ee <0.2 
p-Glucose.......... 8.5 
p-Glucosamine............ 8.4 
N-Acetyl-p-glucosamine..................... 8.4 
D=2- DOOR VRIUGORG «wo ices cee eens eee see's 8.3f 
p-Mannosamine sr <0.2 
N-Acetyl-p-mannosamine <0.2 


* p-Mannose, D-galactose, D-ribose, and several other sugars 
had been shown previously not to react in such a system (1). 
{ 2-Deoxyglucose, 8.1 uymoles, was shown to be consumed. 


yield disaccharides. As shown in Table I, addition of glucosa- 
mine, N-acetylglucosamine and 2-deoxyglucose caused the 
specific release of P; from 6-glucose-1-P. Paper chromatography 
indicated that the corresponding disaccharides were formed. On 
the basis of these observations, maltose phosphorylase was 
employed for the preparation of the hitherto unknown disac- 
charides. 

Preparation of Glucosyl Glucosamine—This disaccharide could 
by synthesized by a condensation of 8-glucose-1-P with glucosa- 
mine. However, this reaction would require the preparation of 
large amounts of 6-glucose-1-P. The disaccharide was therefore 
synthesized by an exchange reaction between maltose and 
glucosamine in the presence of catalytic amounts of P; (see 
Equation 1). 

The reaction mixture in a final volume of 60 ml contained: 
maltose, 3 mmoles; glucosamine, 1.2 mmoles; P;, 0.3 mmole; Tris 
buffer, pH 7.0, 3 mmoles; EDTA, 0.12 mmole; and crude enzyme, 
390 mg of protein. The Tris buffer was added to decrease 
maltase activity which was present in this enzyme preparation 
(17). The amount of glucose released, after correction for 
maltase activity, served as a measure of disaccharide formation. 

After 220 minutes of incubation at’ 37°, when 0.54 mmole of 
disaccharide had been formed, HCl was added to reduce the pH 
to 5.0. Flocculating protein was removed by centrifugation. 
Part of the supernatant solution, containing 0.4 mmole of disac- 
charide, was put on a Dowex 50-H*+ column (200 to 400 mesh) 
(30 xX 250 mm). Distilled water, 500 ml, was passed slowly 
through the column, removing glucose and maltose. The column 
was eluted with 0.3 n HCl, as suggested by Gardell (18) for sepa- 
ration of amino sugars. The flow rate was adjusted to 0.5 ml 
per minute. Elution of sugars was followed by reductometry 
(19). After 150 ml of acid had emerged from the column, 
glucosyl glucosamine appeared in the effluent and was collected in 
a volume of 90 ml. Elution of the monosaccharide, glucosamine, 
started only after a further amount of 300 ml of acid passed 
through the column. Since the disaccharide was eluted much 
earlier than the monosaccharide, elution of the former can 
probably be accelerated, without endangering separation. 

The pooled fractions containing the disaccharide were de- 


Synthesis of Maltose Analogues 


acidified with Amberlite IRA 400 CO3~ anion exchanger. hp 
solution was evaporated to dryness under reduced pressure 9 
room temperature, keeping the pH at about 5 by intermittey; 
addition of HCl. 
was twice added and evaporated. Dried crystalline materia) 
160 mg, containing 370 uwmoles of glucosyl glucosamine hydp. 
chloride, was obtained. The properties of this disaccharide are 
summarized in Table II. ; 

Preparation of Glucosyl N-Acetylglucosamine—Although this 
disaccharide could be prepared enzymatically, as shown in Table 
I, the chemical N-acetylation of pure glucosyl glucosamine ap- 
peared to be the method of choice. 


purified according to the method of Crumpton (20). 
amino derivative, 27.5 umoles, was obtained. 
the same chromatographic migration rate as the disaccharide 
prepared by enzymatic condensation of 8-glucose-1-P with Y. 
acetylglucosamine. 

Information on the glucosidic linkage in the acetylated disae. 
charide was obtained by testing the compound in the assay for 
N-acetyl amino sugars (11). It has been shown that in this 
assay, V-acetylglucosamine substituted at carbon 4 by a methy| 
or a glycosyl group reacted only to a small extent or not at all, 
whereas substitution at other carbon positions did not interfere 
with and sometimes even augmented the reaction (21, 22). 
When glucosyl N-acetylglucosamine was tested, the color yield 
was only 12% of that of an equimolar amount of free N-acetyl 

This observation indicates that in glucosyl V- 
acetylglucosamine and in glucosyl glucosamine, from which the 
former was prepared, the glucosidic linkage is on carbon 4. 
Other properties of glucosyl N-acetylglucosamine are given in 


Table II. 


N-Acety| 


glucosamine. 


TABLE II 
Analyses of disaccharides synthesized 

All analyses were carried out on the purified disaccharides. 
Descending chromatography was performed on Whatman No. | 
paper. 

Hydrolysis by serum maltase was tested in 1 ml of a mixture 
containing: disaccharide, 10 umoles; phosphate buffer, pH 6.4, 4 
umoles; and serum maltase, 10 mg of protein. The mixture was 
incubated at 37° for 3 hours. 
aldohexose formed were determined by independent methods. 
The percentage of hydrolysis was calculated from the amount of 
glucose formed. 


Chromatographic 


migration maltase 
Ratio of 
: . \25 ts 
Disaccharide lel? Solvent | Solvent tyeteds 
N-butanol-| V-butanol- ._| (glucose to 
ethanol- | pyridine- Hydrolysis|*° corre. 
water water | sponding 
(4:1:1) 6:4:3) aldo- 
hexose 
Rolucose % Mw 
Glucosyl  glucos- 
amine. +147 0.31 0.58 100 i 
Glucosyl N-ace- 
tylglucosamine. . +110 0.62 0.96 83 0.97 
Glucosyl 2-deoxy- 
glucose +123 1.00 | 1.20 100 0.95 





* Not measured. After acid hydrolysis the molar ratio of prod- 


ucts was 0.94. 
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Preparation of Glucosyl 2-Deoxyglucose—This disaccharide was 
prepared by the enzymatic condensation of 2-deoxyglucose with 
3-glucose-1-P. The reaction mixture, in a final volume of 40 ml 
contained: 8-glucose-1-P, 540 mmoles; 2-deoxyglucose, 920 
umoles; EDTA, 270 umoles; and crude enzyme, 270 mg of pro- 
tein, which had been dialyzed for 6 hours at 5° against distilled 


| water. After incubation for 210 minutes at 37°, the reaction was 


terminated with the Ba(OH)2, ZnSO, reagents (4). The mixture 
was centrifuged, the supernatant solution was saved and the 
precipitate was extracted with 140 ml of 75% ethanol. The two 
supernatant solutions were combined and concentrated to a 
yolume of 3 ml under reduced pressure at 30°. The material was 
separated by descending chromatography on 4 sheets of What- 
man No. 3 MM paper with butanol-ethanol-water (4:1:1) as 
the developing system. The areas containing only glucosy] 2- 
deoxyglucose were eluted with distilled water. <A total of 360 
umoles of the disaccharides were obtained in a volume of 7.5 ml. 

When the purified disaccharide was reduced by borohydride 
(23), subsequent hydrolysis yielded 1 mole of glucose per mole of 
disaccharide. It was thus shown that in the disaccharide ob- 
tained glucose constitutes the nonreducing moiety. Information 
on the linkage in the disaccharide was obtained by testing the 
compound in the assay for 2-deoxy sugars (9). In this assay, the 
disaccharide reacted only to an extent of 6% of that of free 2- 
deoxyglucose. Since the method requires cleavage by periodate 
between carbon 3 and 4 (9), it follows that one of these carbons 
in the 2-deoxyglucose moiety of the disaccharide is substituted 
by the glucosidic linkage. Other analyses of glucosy! 2-de- 
oxyglucose are given in Table IT. 


DISCUSSION 


It was shown previously that maltose phosphorylase catalyzes 
the synthesis of 4-O-a-glucosyl p-glucose and 4-O-a-p-glucosy] 
p-xylose (2). All tests performed indicate that the new sugars 
described in the present communication also are disaccharides 
possessing the a-1 ,4 glucosidic linkage. 

Although a crude enzyme preparation served in these studies, 
it appears justified to ascribe the observations on substrate speci- 
ficity solely to the action of maltose phosphorylase. Some of 
these observations deserve further comment. Whereas glucose 
readily reacted with 6-glucose-1-P, mannose was shown to be 
inert (1). It was therefore evident that the enzyme had stereo- 
specific requirements towards carbon two of the acceptor aldose. 
Since 2-deoxyglucose served as substrate, it could be deduced 
that a hydroxyl group at carbon 2 is not required, and further- 
more, that its presence in the mannose configuration renders the 
molecule unavailable for enzyme action. This concept is con- 
firmed and amplified by the finding that the hydroxy] group at 
carbon 2 in glucose may be substituted by an amino group or 
even an acetylamino group while the molecule retains its activity 
assubstrate. Such substitutions are, however, not permissible in 
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the mannose configuration as demonstrated by the inactivity of 
mannosamine and N-acetylmannosamine. 

Although the disaccharides described have not yet been tested 
in biological systems, it is possible that they might find applica- 
tion as maltose analogues in studies of permeability, enzyme 
induction, and substrate specificity of a-glucosidases. 


SUMMARY 


An extract of Neisseria perflava catalyzed the synthesis of three 
new maltose analogues, glucosyl glucosamine, glucosyl N- 
acetylglucosamine, and glucosyl 2-deoxyglucose. Methods for 
the preparation of these disaccharides in pure form were de- 
veloped. Some of the physical and chemical characteristics of 
the new disaccharides were reported. The requirements of 
maltose phosphorylase towards the configuration at carbon 2 of 
the acceptor aldose were analyzed. 
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Although a-glucose 1-phosphate participates in several syn- 
thetic and degradative processes, such transformations were not 
known for B-glucose 1-phosphate (1, 2). 

The finding of Fitting and Doudoroff (1) that 6-glucose-1-P is 
formed from maltose in Neisseria meningitidis led us to presume 
that this compound might undergo further metabolic transforma- 
tions. It was indeed shown, as reported in a preliminary com- 
munication (3) that 6-glucose-1-P is reversibly converted to 
glucose-6-P by a specific mutase in Neisseria. A study of this 
reaction and some properties-of the partially purified enzyme are 
now reported. 


ANALYTICAL METHODS 


Total and acid-labile phosphate were converted to P; (4) which 
Fiske and SubbaRow (5). £- 
Glucose-1-P was assayed as acid-labile phosphate, glucose with 
glucose oxidase (6), glucose-6-P with glucose-6-P dehydrogenase 
(7), fructose-6-P with the Roe reagent (4) and also with glucose- 
6-P dehydrogenase containing excess phosphohexoisomerase. 
The glucose-6-P dehydrogenase was purified from Rishon 
brewery yeast according to Kornberg (7). 


was measured according to 


The ammonium sul- 
fate fractions obtained after the phosphate gel step, were stored 
After this 
treatment, the active fractions were free of 6-P-gluconate dehy- 
drogenase. 

The methods of Lowry et al. (8) and Stadtman et al. (9) were 
used for protein determination. Glucose-C™ incorporation 
into glucose-6-P was measured after several recrystallizations of 
barium glucose-6-P. P;* incorporation into glucose-6-P was 
measured after removal of P; according to Berenblum and Chain 


(10). 


overnight at 5° as concentrated aqueous solutions. 


EXPERIMENTAL PROCEDURE 


Preparation of 8-Glucose-1-P—Although chemical syntheses of 
this compound have been described (11, 12), it was found more 
convenient to prepare 6-glucose-1-P by enzymatic phosphorolysis 
of maltose. When a crude extract of Neisseria perflava was 
incubated with maltose and Pj, in presence of EDTA, the only 
phosphate ester that accumulated was §-glucose-1-P. The 
incubation mixture in a final volume of 100 ml contained: maltose, 
12 mmoles; phosphate buffer pH 6.5, 10 mmoles; EDTA, 0.1 
mmole; and crude. N. perflava extract, 100 mg of protein. The 
mixture was incubated for 3 hours at 37°, cooled, and depro- 


* This investigation was supported in part by a research grant 
(E-1494) from the National Institutes of Health, United States 
Public Health Service. 

1 The abbreviations used are: EDTA, ethylenediaminetetra- 
acetic acid; B-phosphoglucomutase, the enzyme which converts 
B-glucose-1-P to glucose-6-P. 


teinized with ice-cold trichloroacetic acid (5% final concentra. 
tion). After centrifugation, the clear supernatant solution yas | 
adjusted to pH 6.8 by addition of 10N KOH. P; was removed, 
the magnesium ammonium salt (cf. (13)). At this stage, the 
mixture contained about 450 uwmoles of B-glucose-1-P.  Bariyy 
acetate, 2.5 mmoles, was added, and the pH was again brought t 
8.5 (phenolphthalein) with KOH. Three volumes of 96 % eth. 
anol were added, and the suspension was kept overnight at 
5°. The barium 8-glucose-1-P was sedimented by centrifugatiqy 
and washed twice with 70% ethanol. 

The precipitate was dissolved in the cold by suspension jj 





about 10 ml of water and subsequent addition of about 1 mole oj 
HCl per mole of 6-glucose-1-P. The solution was passed through 
a Dowex 50-H* column; the 8-glucose-1-P in the effluent was! 
reprecipitated as the barium salt by the procedure described 
above and dried under reduced pressure over P2Os. About 35) 
umoles of barium 6-glucose-1-P were obtained. Analyses of the 
product showed that all the P; is acid-labile, that P; represents 
only 2% of total phosphate, and that equivalent amounts of 
glucose and P; are liberated by acid hydrolysis (Table I). The 
optical rotation of the 8-glucose-1-P product was [a]? = +14 | 
when calculated as the free acid ([a]? = +13 (Posternak (14)), 

The potassium salt of 8-glucose-1-P, prepared by removal of 
Ba** on Dowex 50-H* and subsequent neutralization with KOH, 
served in all studies reported. 

Buffer Systems—Phosphate buffer contained both Nat and K+, 
Histidine buffer was prepared from histidine hydrochloride by | 
addition of potassium hydroxide. 

Standard Assay System for B-Phosphoglucomutase—All in- 
cubations with enzyme were conducted at 37°. The system ina 
final volume of 0.25 ml contained: 8-glucose-1-P, 2 ymoles; 
MnCl, 0.4 umole; histidine buffer, pH 6.5, 4 umoles and a suit 
able amount of enzyme. The mixture was incubated for 2} 
minutes and the reaction was stopped by addition of 0.05 ml of 
10?mMEDTA. An aliquot was analyzed for hexose 6-phosphates | 
The analysis with glucose-6-P dehydrogenase was _performe 
without addition of Mg++. 

A unit of 8-phosphoglucomutase was defined as that amount | 
that catalyzes the conversion of 1 ywmole of 8-glucose-1-P to | 
glucose-6-P in 20 minutes. 

The linear relationship between amount of enzyme and glucose: 
6-P formed was not maintained at low enzyme levels (cf. Fig. 2): 
Assays were, therefore, conducted with amounts of enzyme that 
catalyze the formation of at least 0.5 umole of glucose-6-P under 
the above defined conditions. 

Preparation of Crude Bacterial Extract—The cultivation o 
bacteria and the procedures for enzyme extraction were identical 
with those described for preparation of crude maltose pho* 
phorylase (15). 
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TABLE I 
Purity of B-glucose-1-P prepared enzymatically 








| pumoles/100 umoles 
total phosphate 





























ee - —— 
Keid-tabile Phosphate. .....-<..60-..00.6005: | 102.0 
Glucose after acid hydrolysis.............. | 105.0 
” ere err a eee ee ere ree | 2.4 
OO RS errr ie acer ere creer ener | 1.4 
Glucose-6-P + fructose-6-P............... ‘| <0.3 
TaB_e II 
Protocol of enzyme purification 
———————— — aa 
Protein | — 
| Total Total Specific 
Step | | Eoncen | protein | units | antivity 
mg/ml | mg | units/mg protein 
Dialyzed extract.....| 8.8 | 238.0 147° | 0.6 
Protamine sulfate... | 2.4 | 73.0 157 | ye | 
Caleium phosphate. . | : : | 28.4 125 | 4.4 
DEAE-cellulose...... | 9 | 3.5 | 52 | 14.8 
TaB_e III 


Stoichiometry of 8-phosphoglucomutase reaction 
The incubation mixture in a final volume of 1 ml contained: 
8-glucose-1-P, 10.2 umoles; MnCl, 0.8 umole; histidine buffer pH 

















6.5, 12 umoles; and purified enzyme, 170 ug of protein. The mix- 
ture was incubated for 40 minutes. 
| Products formed 
8-Glucose-1-P ¢ d) ———- 
| Glucose-6-P | Fructose-6-P Pj 
al pmoles pmoles umole 
9.3 10.4 <0.3 | <0.1 





Purification of B-Phosphoglucomutase—Crude bacterial extract 
(27 ml, 238 mg of protein) was dialyzed at 5° for 16 hours against 
distilled water. A solution of freshly prepared protamine sul- 
fate at pH 6.5 (3.9 ml, 78 mg) was added to the dialyzed enzyme. 
The mixture was kept at room temperature for 10 minutes. To 
the supernatant solution after centrifugation (30 ml, 73 mg of 
protein), phosphate gel (4.7 ml, 80 mg dry weight) was added. 
After standing for 10 minutes at room temperature, the sus- 
pension was centrifuged and the supernatant solution (33 ml, 28.4 
mg of protein) was placed on a cellulose DEAE? ion exchange 
column (2 ml packed volume) previously washed with 0.005 m 
phosphate buffer, pH 6.5. The column was eluted with 2 ml 
portions of solutions containing 0.05 m phosphate buffer, pH 6.5, 
and the following concentrations of KCl: solution I, 0.05 ; 
solution II, 0.10 m; solution III, 0.20 m. Most of the enzyme was 


eluted with solution II. A summary of the purification is given 
in Table IT. 


RESULTS 
Product Formed from B-Glucose-1-P in B-Phosphoglucomutase 
Reaction—When the partially purified enzyme was incubated 
with 6-glucose-1-P, glucose-6-P was formed in an amount which 
accounted for all the substrate consumed (Table III). When a- 
glucose-1-P was incubated with the enzyme no reaction was 


* Purchased from the Brown Company. 
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detected (3). The enzyme may thus be defined as a mutase 
specific for the 6-configuration. 

The results in Table III also indicate that the purified enzyme 
is free of phosphohexoisomerase and phosphatases which were 
present in the crude extract. 

Reversibility of Reaction—When the enzyme was incubated with 
either B-glucose-1-P or glucose-6-P, or a mixture of both, the re- 
action proceeded to the state of equilibrium (Fig. 1). The ap- 
parent equilibrium constant of B-glucose-1-P to glucose-6-P was 
found to be 0.041 at pH 6.5. Variations in the amount of Mn++ 
which, as will be shown, effect enzyme activity, did not change 
the apparent equilibrium constant. 

Dependence of Reaction on Enzyme Concentration and on In- 
cubation Time—The amount of product formed was shown to be 
linearly related to enzyme concentration as well as to reaction 
time through most of the range investigated. However, as 
shown in Fig. 2, full enzyme activity is not realized at low enzyme 
concentrations and also not at short incubation times. The 
initial lag observed might be due to the slow synthesis of a co- 
factor required for the reaction. 

Kinetics of Enzyme Inactivation by Heat—When first tested in a 
crude extract the enzyme appeared to be completely inactivated 
by heating for 2 minutes at 98°. Heating under such conditions 
was therefore adopted for terminating the reaction (cf. (3)). 
Later work showed, however, that the partially purified enzyme 
when kept at 98° for 5 minutes retained as much as 50% of its 
original activity. The inactivation proceeded according to a 
first order reaction (Fig. 3). 
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Fic. 1. Equilibrium of the mutase reaction. The mixtures in 
a final volume of 1 ml contained: histidine buffer, pH 6.5, 8 wmoles; 
MnClz, 0.8 umole; enzyme, 70 yg of protein; and the following 
substrates: O——O, glucose-6-P, 11.6 umoles; @——®@, glucose-6- 
P; 10.1 wmoles plus 8-glucose-1-P, 1.0 umole; A——A, 8-glucose- 
1-P, 10.6 umoles. Aliquots were removed at times indicated and 
analyzed for 6-glucose-1-P and glucose-6-P. 
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Fie. 2. Amount of glucose-6-P formed as a function of time and 
of enzyme concentration. The composition of test mixtures were 
as outlined for the standard assay system. O——O, dependence 
on amount of enzyme; @——@, dependence on reaction time. | 

Dependence of Activity on pH—Activity was maximal within 
the pH range 6.4 to 6.8 and half maximal at pH 5.8 and 7.2. 

Effects of Divalent Cations on Enzyme Activity—The reaction It ' 
was found to be dependent on addition of either Mn++ or Mg*, | incor 
Maximal activity in presence of Mn++ was 30% higher than that forma 
obtained with Mgt+. EDTA, when present in excess of the actior 





“4 divalent cation, completely inhibited activity. Ca++, Cot, The 
Fet+, and Ni++ at a concentration of 1.6 X 10-* M did not support | Seribe 
the reaction. which 

When activity was measured as a function of cation concen sibilit 

a tration it was shown that both Mg++ and Mnt+ were inhibitory purifi 


when present in excess. It was further observed that activation hower 
by Mn‘** is not strictly dependent on the absolute concentratio | %SY2 
of the cation but rather on the molar ratio of 6-glucose-1-P to It | 
Mn+ (Fig. 4). Ata ratio of 5:1,enzyme activity was maximal. tablis 
Fluoride at a concentration of 10-* inhibited the reaction to an | °8e-6 
extent of 50%, presumably by forming a complex with Mn** and cose-6 
the substrate (cf (16)). of a 

Apparent K» for 8-Glucose-1-P—Since the ratio of B-glucos cordin 
1-P to Mn** affects the reaction rate, it was not possible t be neg 
determine the K,, for B-glucose-1-P at a constant Mn** concet- 
tration. When velocity was plotted against -glucose-1-? 


LOG OF ENZYME ACTIVITY 














on . concentration, an irregular curve with a sharp maximum ws 
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0.03 m phosphate buffer, pH 6.5, was heated in a boiling water with the value 3 x 10-‘™ for the K,,. 

bath (98°). Aliquots were withdrawn at times specified and as- Measurements of Glucose-C™ and P * Incorporation into Glucose 
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formed. Similarly, an experiment with P;®? showed that less 
than 3 X 10-5 umoles of P; were incorporated per umole of glu- 
cose-6-P formed. These results clearly show that neither P; nor 
glucose are free intermediates in the reversible conversion of 6- 
glucose-1-P to glucose-6-P. 


DISCUSSION 


Maltose was previously found to undergo phosphorolytic 
cleavage to yield 6-glucose-1-P in Neisseria (1). With the present 
finding that 6-glucose-1-P is further converted to glucose-6-P, a 
nonhydrolytic pathway for maltose metabolism in Neisseria is 
indicated. It is possible that in addition to its function as an 
intermediate in maltose metabolism, 6-glucose-1-P might be 
required for other reactions. If so, it would be available to the 
cell even in the absence of maltose, since the mutase reaction was 
found to be reversible. In this respect, it is noteworthy that - 
phosphoglucomutase could readily be obtained not only from 
cells grown on maltose but also from glucose grown cells. 

Although the 8-phosphoglucomutase was partially purified and 
some of its properties were revealed, the mechanism of the re- 
action was not elucidated. It could be postulated that either P; 
or glucose are intermediates in the interaction of the enzyme with 
substrate as outlined in Equations 1 and 2, respectively. 


g-Glucose-1-P + enzyme + glucosyl-enzyme + P; 


(1) 
Glucosyl-enzyme + Pi > glucose-6-P + enzyme 


g-Glucose-1-P + enzyme = phosphoenzyme + glucose 


(2) 
Phosphoenzyme + glucose + glucose-6-P + enzyme 


It was shown, however, that neither P;** nor glucose-C™ were 
incorporated into glucose-6-P during the mutase reaction. The 
formation of a glucosyl-enzyme or a phosphoenzyme by the re- 
actions defined in Equations 1 and 2 may, therefore, be ruled out. 
The mechanism of the reaction might be analogous to that de- 
sribed for the conversion of a-glucose-1-P to glucose-6-P in 
which a-glucose-1 ,6-diphosphate is required (18). This pos- 
sibility could not as yet be tested since the reaction with partially 
purified enzyme proceeded without addition of a cofactor. It is 
however possible that a factor such as B-glucose-1 ,6-diphosphate 
is synthesized in the reaction system. 

It has been shown that 6-phosphoglucomutase readily es- 
tablishes a state of equilibrium between 8-glucose-1-P and glu- 
cose-6-P. The equilibrium constant of 6-glucose-1-P to glu- 
cose-6-P was 0.041, whereas that reported for the interconversion 
of a-glucose-1-P with glucose-6-P was 0.058 (cf. (19)). Ac- 
cordingly, the calculated free energy values of the reaction would 
be nearly the same for the a and the 6-glucose-1-phosphates. 
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SUMMARY 


1. A phosphoglucomutase that specifically converts 8-glucose 
1-phosphate to glucose 6-phosphate was partially purified from 
Neisseria perflava. 

2. The enzyme was dependent on Mn++ or Mg++ for activity. 
The molar ratio of B-glucose 1-phosphate to Mn++ was found to 
affect the reaction rate, the optimal ratio being 5:1. 

3. The reaction was shown to be reversible. The equilibrium 
constant, 8-glucose 1-phosphate to glucose 6-phosphate was 
0.041. It was calculated that the free energy of 6-glucose 1- 
phosphate is nearly equal to that of a-glucose 1-phosphate. 

4. With the discovery that B-glucose 1-phosphate, which is 
formed by phosphorolysis of maltose, is further converted to 
glucose 6-phosphate, a nonhydrolytic pathway for maltose 
metabolism in Neisseria is outlined. 
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Polyol dehydrogenases of widely varying substrate and elec- 
tron or hydrogen carrier specificity have been studied in micro- 
organisms. Acetobacter suboxydans produces at least two types of 
mannitol dehydrogenase of low specificity (1). One is a par- 
ticulate, cytochrome-linked system with specificity conforming 
to the Bertrand-Hudson rule. Ribitol and p-arabitol are oxi- 
dized whereas xylitol and L-arabitol are essentially inactive. The 
second dehydrogenase, a soluble, diphosphopyridine nucleotide- 
linked enzyme with no well defined specificity pattern, rapidly 
oxidizes only xylitol of the pentitols. A somewhat similar de- 
hydrogenase also was observed in Candida utilis (2). A diphos- 
phopyridine nucleotide-linked polyol (‘‘p-iditol”) dehydrogenase 
induced in a pseudomonad by growth on dulcitol displayed a 
specificity preference for the polyols of the p-threo configuration. 
Oxidation of p-iditol, t-glucitol, p-talitol, and xylitol yielded p- 
sorbose, L-fructose, p-allulose, and t-xylulose, respectively. 
Growth of the same organism on sorbitol or ducitol induced the 
formation of a diphosphopyridine nucleotide-linked (“galacti- 
tol”) dehydrogenase with specificity for the L-threo configuration 
which oxidized sorbitol, dulcitol, L-arabitol, and xylitol to p- 
fructose, D-tagatose, L-ribulose, and xylulose (configuration not 
determined), respectively (2). Similar dehydrogenases of higher 
substrate and pyridine nucleotide specificity also have been 
obtained from Acetobacter suboxydans (3). Activity of these 
dehydrogenases on pentitols was distinctly lower than for the 
other polyols studied. 

It has been observed in this laboratory that a typical strain of 
Aerobacter aerogenes grows readily on a mineral medium con- 
taining either ribitol, p-arabitol, or L-arabitol as the sole source of 
carbon and energy. Appreciable growth also occurs on xylitol, 
but only after many serial transfers on xylitol-containing medium. 
The presence of ribitol dehydrogenase and p-ribulokinase in 
extracts of ribitol-grown cells and p-arabitol dehydrogenase and 
p-xylulokinase was noted in a preliminary report (4). Further 
evidence for the pathway and specificity of the dehydrogenases 
will be presented in this communication. The data indicate 
important differences in the characteristics of D-arabitol dehy- 
drogenase relative to those recently reported by Lin (5). 


EXPERIMENTAL PROCEDURE 


Bacteriological—A. aerogenes, strain PRL-R3, which has been 
carefully studied in regard to fermentation patterns and meta- 


* This investigation was supported in part by grants-in-aid from 
the Atomic Energy Commission and the National Science Founda- 
tion. Contribution No. 2779 of the Michigan Agricultural Ex- 
periment Station. 

+ Present Address, The Lister Institute, London, S. W. 1, Eng- 
land. 


bolic sequences for pentose metabolism, was used. The cultures 
were grown aerobically, harvested, and cell-free extracts were 
prepared by sonic oscillation as described previously (6), with the 
exception that 0.04% of yeast extract was added for growth on 
xylitol. 

Chemical—Ribitol, p-arabitol, L-arabitol, and xylitol were 
commercial preparations. D-Xylulose and L-ribulose were 
isolated from the culture medium after growth of A. suboxydangs 
on ribitol and pD-arabitol, respectively (7). D-Ribulose was 
prepared from pD-arabinose, isolated as the o-nitrophenylhydra- 
zone (8), and regenerated from the o-nitrophenylhydrazone by 
refluxing with benzaldehyde (9). L-Xylulose was prepared by 
epimerization of L-xylose with pyridine and isolated as the mono- 
acetone derivative after vacuum distillation (10) or by chro- 
matography on Dowex 1-borate (11). Sedoheptulose, free of 
other sugars, was isolated as a syrup from Sedum spectabile 
plants by a new procedure which avoided the formation, isola- 
tion, and hydrolysis of sedoheptulosan.! 
obtained commercially. 

Crystalline glyceraldehyde 3-phosphate dehydrogenase was 
prepared from rabbit muscle (12), and crystalline lactic dehy- 
drogenase was purchased from Worthington Biochemical Cor- 
poration. A specific xylitol (L-xylulose) dehydrogenase was 
prepared from guinea pig liver acetone powder by the method 
of Hickman and Ashwell (13). 

Ketopentoses were determined by the cysteine-carbazole pro- 
cedure (14). Because of the slow color development of xylulose, 
readings were taken after 20 minutes at 37° for both ketopentoses. 
Under these conditions, xylulose gives 71.4% of the color ob- 
tained with an equivalent amount of ribulose. Recrystallized 
ribulose o-nitrophenylhydrazone and monoacetone xylulose were 
used as standards. The orcinol test for pentoses was performed 
as described by Horecker et al. (15). Pentitols were determined 
colorimetrically by the periodate-formaldehyde procedure of 
West and Rapoport (16). Separation of ketoses and polyols was 
accomplished on Dowex 1-borate by the procedure of Khym and 
Zill (11). Optical rotation was determined in a Keston model D 
polarimetric attachment for the Beckman model DU spec- 
trophotometer. Dehydrogenase assays were conducted in 
quartz microcuvettes (reaction volume, 0.5 ml; b = 1) by observ- 
ing changes in DPNH concentration at 340 mu. One unit of 
either ribitol or p-arabitol dehydrogenase was established as an 
absorbancy change of 1.0 per minute. The assays were facili- 
tated by photomultiplier- and cuvette-positioning attachments 


Other chemicals were 


1M. I. Krichevsky, S. E. Burrows, and W. A. Wood, unpublished 
procedure. 
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which allowed automatic recording of absorbancy changes in 4 
cuvettes simultaneously (17). 


RESULTS 


Ribitol Dissimilation 


In exploratory manometric experiments with extracts of 
ribitol-grown cells, it was observed that ribitol and p-arabitol 
were oxidized (Fig. 1) whereas xylitol and L-arabitol were not. 
In the absence of ATP, oxygen consumption ceased with about 
0.5 umole of oxygen consumed per umole of ribitol added and a 
ketopentose accumulated. However, when ATP was present, 
the oxidation proceeded further and the presence of ketopentose 
could not be detected at the end of the incubation period. The 
same preparation oxidized p-ribulose rapidly when ATP was 
added. D-Xylulose was oxidized slowly whereas the t-keto- 
pentoses were not oxidized with or without ATP. Ribitol phos- 
phate prepared by phosphorylation of ribitol with L-ribulokinase 
and ATP (18) was not oxidized. 

Ribitol (D-Ribulose) Dehydrogenase—In the presence of pb- 
ribulose, extracts of ribitol-grown cells oxidized DPNH rapidly. 
Although crude extracts contained appreciable DPNH oxidase, 
the increased velocity of DPNH oxidation caused by added p- 
ribulose was linear with extract concentration over a wide range 
of velocities, thereby affording a means of assay. The DPNH 
oxidase activity was lost early in the fractionation procedure. 
The dehydrogenase was purified about 20-fold by a procedure 
involving, in sequence, (a) removal of nucleic acids with prota- 
mine sulfate (0.2 volume), (6) fractionation with ammonium 
sulfate between 0.25 and 0.4 saturation, (c) heating to 60° for 4 
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Fig. 1. Oxygen consumption by an extract of ribitol-grown A. 
aerogenes. The 15-ml Warburg flask contained, in the main 
compartment, 100 umoles of potassium phosphate buffer, pH 7.5, 
1umole of DPN, 0.2 ml of crude extract (4.8 mg of protein), and 
water to 2.5 ml. The side arm contained 5 uwmoles of ribitol or 
D-arabitol and 10 umoles of ATP, as indicated, in a volume of 0.5 
ml. Fifteen-hundredths milliliter of 20% KOH was added to the 
center well. After 10 minutes equilibration at 34°, the contents 


of the side arms were tipped and oxygen consumption recorded at 
the intervals indicated. 
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Fic. 2. Ribulose production by an extract of ribitol-grown A. 
aerogenes. The reaction mixture contained 5 ywmoles of ribitol, 
0.5 umole of DPN, 20 umoles of sodium pyruvate, 0.1 ml of lactic 
dehydrogenase (Worthington slurry of crystals diluted 1:10), 0.5 
ml of crude extract of ribitol-grown A. aerogenes (30 mg of protein 
per ml), and either 100 wmoles of sodium acetate buffer, pH 4.9, or 
50 wmoles of Tris-HCl buffer, pH 7.0, or pH 8.5, as indicated. 
The reaction mixture volume (2.0 ml) was incubated at room 
temperature. 





minutes, and (d) ammonium sulfate fractionation between 0.3 
and 0.4 saturation. The final preparation (1060 units per ml, 
specific activity of 247 units per mg of protein) when stored in the 
frozen state retained most of its activity for 3 years. Recently, 
certain of the properties of this dehydrogenase have been care- 
fully studied by Fromm (19) and Nordlee and Fromm (20). 
Identification of Ribitol Oxidation Product—Although the 
equilibrium of ribitol dehydrogenase lies far in the direction of 
p-ribulose reduction, ribitol oxidation proceeds to completion 
by coupling with the lactic dehydrogenase-pyruvate system 
(Fig. 2). For large scale isolation of the oxidation product, 490 
umoles of ribitol, 1000 umoles of pyruvate, and 5 umoles of DPN 
were incubated at pH 8.5 with excess crystalline lactic dehy- 
drogenase and 500 units of purified ribitol dehydrogenase for 1 
hour. A similar preparation, isolation, and identification of the 
ketose has also been carried out with crude extracts. Material 
reacting in the cysteine-carbazole test (488 wmoles) was produced. 
The reaction mixture was deionized by passage through IR-120 
(H+) and IR-45 (OH-) and the effluent was diluted to 250 ml. 
Solid sodium tetraborate was added to 0.005 m concentration and 
the solution was applied to a Dowex 1-borate column. Elution 
was achieved with 700 ml of 0.01 m sodium borate followed by 1 
liter of 0.02 m sodium borate. A broad, symetrical, cysteine- 
carbazole-positive peak was eluted between 795 and 1000 ml of 
0.02 m borate. These fractions were pooled, passed through 
IR-120 (H+), and the borate removed as methyl] borate by vac- 
uum distillation. The residual syrup was taken up in 3.3 ml of 
water and found to contain 185 wmoles of ketopentose (as ribu- 
lose) by the cysteine-carbazole test. Data identifying the ketose 
are summarized in Table I. The observed elution by 0.02 m 
borate and the complete cysteine-carbazole color development in 








TABLE I 


Identification of ribitol oxidation product as p-ribulose 





Test Oxidation product Authentic p-ribulose 


Dowex 1-borate, elution 


concentration 0.02 M 0.02 mM 
Cysteine-carbazole _ test 

(full color development) <15 min <15 min 
Enzyme tests 

p-Arabinose isomerase + + 

p-Ribulokinase..... + + 

Ribitol (p-ribulose) de- 

hydrogenase.... _ + 

L-Arabinose isomerase Negative Negative 
Specific rotation (a)p = +15.1 (a)p = +16.6 (7) 
o-Nitrophenylhydrazone 

Melting point 162-163° 162-163° (8) 

Specific rotation (a)p = —51° 


(a)p = —48.3° (8) 


15 minutes with an absorption maximum at 540 my distinguishes 
the material as ribulose. Further identification was afforded by 
application of enzymes of documented specificity which are 
present in A. aerogenes grown on the appropriate substrate. The 
product served as a substrate for a specific D-arabinose (D-ribu- 
lose) isomerase, which is present in p-arabinose-grown cells (21), 
but was not isomerized by the specific L-arabinose (L-ribulose) 
isomerase present in L-arabinose-grown cells (6, 22). The 
product was phosphorylated by a specific p-ribulokinase which 
was induced by growth on p-arabinose or ribitol (23). In the 
manometric assay for kinases, the phosphorylation rate with the 
oxidation product above the ATPase rate was 366 ml of CO, 
evolved per hour, whereas with authentic L-ribulose and p-xylu- 
lose the rate was nil. In the presence of ATP, the ketopentose 
was rapidly oxidized by extracts of ribitol-grown cells (180 ul 
of O, per hour) whereas t-ribulose was not oxidized. The 
product was reduced by purified ribitol dehydrogenase and 
DPNH, but not by purified p-arabitol (p-xylulose) dehydrogenase 
(see below) and DPNH. The specific rotation in water (¢ = 
0.0338, b = 5) was +15.1°, whereas that of authentic p-ribulose 
is reported as +16.6° (7). The melting point and optical rota- 
tion of the twice recrystallized o-nitrophenylhydrazone was close 
to that of authentic p-ribulose o-nitrophenylhydrazone (8) 
(Table I). 

Identification of Product of D-Ribulose Reduction—The product 
of p-ribulose reduction was prepared by incubating 100 umoles 
each of p-ribulose and DPNH with 50 units of ribitol dehy- 
drogenase in 0.2 m potassium phosphate buffer, pH 7.5, for 2 
hours at 37°. The reaction, followed by the cysteine-carbazole 
test, was essentially complete in that time. The pH was ad- 
justed to 5 with acetic acid and the mixture boiled for 5 minutes. 
After removal of the denatured protein by centrifugation, solid 
sodium tetraborate was added to 0.005 m concentration and the 
mixture was then applied to a Dowex 1-borate column (2.9 
cm? X 6 cm). One peak was eluted in 0.02 m borate which 
contained both ketose and polyol. After removal of borate and 
concentration, chromatography on paper in butanol-pyridine- 
water (6:4:3) revealed the presence of both ribulose and a com- 
pound with the same R, as ribitol. The peak, when freed of 
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borate, served as a substrate for the purified ribitol dehydrogen- 
ase-lactic dehydrogenase system, and ketopentose with rapid 
color development in the cysteine-carbazole test (ribulose) was 
generated. A similar dehydrogenation test with purified p. 
arabitol dehydrogenase and lactic dehydrogenase did not yield 
ketopentose. From the Rr on Dowex borate and on paper, and 
the ability of the product to serve as substrate for ribitol de. 
hydrogenase, it was concluded that p-rubulose was reduced to 
ribitol rather than to p-arabitol. 

Specificity—The specificity of ribitol dehydrogenase is shown 
in Table II. With DPNH as a donor, both p-ribulose and p- 
xylulose were reduced, but the rate with p-xylulose was 5-fold 
slower. D-Xylose, D-arabinose, D-ribose, D-fructose, L-sorbose, 
and p-sedoheptulose were not reduced. TPNH did not serve as 
hydrogen donor. In the pentitol oxidation system (coupled to 
lactic dehydrogenase) only ribitol and pb-arabitol were oxidized 
with the latter occurring ut about 20% of the rate with ribitol, 
Because the ratio of reduction rates for p-ribulose and p-xylulose 
varied widely with the stage of fractionation, it was concluded 
that the reduction of D-xylulose was caused by a contaminating 
p-arabitol dehydrogenase. This possibility was further indi- 
cated by the finding that crude extracts also oxidized p-arabitol 
in manometric experiments. 

Induction of Ribitol Dehydrogenase—Ribitol dehydrogenase was 
not present in D-ribose- or D-xylose-grown cells, but was present 
in p-arabinose- and p-arabitol-grown cells to the extent of 20% 
of the amount present in ribitol-grown cells. L-Arabitol- and 
xylitol-grown cells contained high levels of the ribitol dehy- 
drogenase, but the significance of this observation is currently 
not known. 


D-Ribulokinase 


In the manometric assay for kinases (24), extracts of ribitol- 
grown cells phosphorylated b-ribulose (182 ul of COz evolved per 
hour per mg of protein), whereas the net evolution of CO, from 
L-ribulose and p-xylulose, ribitol, and t-arabitol was approxi- 
mately 20 wl per hour. Because t-ribulose, ribitol, and 1- 
arabitol were phosphorylated slowly, if at all, the observed p- 
ribulokinase activity cannot be attributed to L-ribulokinase which 
does phosphorylate p- and t-ribulose, ribitol, and t-arabitol at 
rapid rates (18). 

From these data it is concluded that the conversion of ribitol 
to an intermediate of the hexose monophosphate pathway occurs 


TaBLeE II 
Specificity of ribitol dehydrogenase 
The reaction mixture contained 0.05 ml of 0.5 m Tris-HCl buffer, 
pH 7.5, 0.1 umole of DPNH or TPNH, 1.0 umole of substrate, 0.3 
unit of ribitol dehydrogenase, and water to 0.35 ml. The rate of 
ketose reduction was determined by oxidation of DPNH at 340 
My. 





Activity* 
Substrate — ———— 
DPNH TPNH 
eee ee me ee 29 0.8 
RI oie 5<o/ auninterclo. Gk onses Risin acesiesaleroie 0 0 
IS vonicseccix avn cin oarearee aes onleee 6 0.4 
EIRENE Sic Oe a ices aR 0 0 


——, 





* Calculated to give an absorbancy change per ml of dehydro- 
genase per minute. 
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Fic. 3. Oxygen consumption by an extract of p-arabitol-grown 
A. aerogenes. Conditions were as described in Fig. 1 except that 
0.4 ml of crude extract (18.8 mg of protein) was added. 


via an inducible ribitol dehydrogenase and p-ribulokinase as 
follows: 


Ribitol — p-ribulose — p-ribulose-5-P 
D-Arabitol Dissimilation 

Extracts of A. aerogenes were grown aerobically on a mineral 
medium containing p-arabitol, oxidized p-arabitol, and ribitol 
(Fig. 3), but not xylitol or L-arabitol. In the presence of ATP, 
p-xylulose was oxidized rapidly and p-ribulose and L-ribulose 
were oxidized at slow but measurable rates, whereas L-xylulose 
was not oxidized. In conformity to the pattern established for 
ribitol, a ketose (xylulose) accumulated during p-arabitol oxida- 
tion in the absence of ATP, but not in its presence. The extracts 
also catalyzed a rapid reduction of p-xylulose with DPNH. 

Purification of D-Arabitol Dehydrogenase—A crude extract was 
prepared from cells grown at room temperature in 2 liters of 
medium containing 1% v-arabitol. The washed cells were 
suspended in 50 to 60 ml of water and treated in a 200 watt 10 
kilocycle oscillator for 15 minutes; the cellular debris was re- 
moved by centrifugation. 

Protamine Treatment—The crude extract (55 ml) was treated 
with 9 ml of 2% protamine sulfate, pH 5.0, and the precipitate 
was removed by centrifugation. 

Ammonium Sulfate Fractionation—Ammonium sulfate was 
added to the supernatant solution (60 ml) to 60% of saturation. 
The precipitate was removed by centrifugation and dissolved in 
10° m NaEDTA,? pH 7, to give a volume of 60 ml (ammonium 
sulfate Fraction I). 

Calcium Phosphate Gel Treatment—The solution was then 
adjusted to 0.1 m with respect to ammonium sulfate and calcium 
phosphate gel was added at the rate of 0.86 g (dry weight) per 10 
ml of enzyme fraction. After centrifugation, the supernatant 


a. abbreviation used is: EDTA, ethylenediaminetetraacetic 
acid. 
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solution contained the activity; the gel was discarded (calcium 
phosphate gel supernatant). 

Ammonium Sulfate Fractionation—Solid ammonium sulfate 
was added to the supernatant solution (90 ml) after gel treatment 
to 0.40 saturation, the solution centrifuged, and the precipitate 
discarded. Ammonium sulfate was added to the supernatant 
solution to 0.60 saturation. The precipitate, recovered by 
centrifugation, was dissolved in 10-? m NaEDTA (volume = 55 
ml) (ammonium sulfate Fraction IT). : 

Calcium Phosphate Gel Treatment—The fraction was adjusted 
to 0.1 m with respect to ammonium sulfate and then calcium phos- 
phate gel was added at the rate of 1.96 g (dry weight) per 10 ml of 
fraction. The activity remained in the supernatant solution 
(calcium phosphate gel Supernatant II). 

The procedure, which resulted in a 10-fold purification with a 
yield of 38%, is summarized in Table III. The preparation has 
remained stable in the frozen state over a 3-year period. 

Identification of D-Arabitol Oxidation Product—aAs in the case of 
ribitol dehydrogenase, the oxidation of p-arabitol against an un- 
favorable equilibrium was accomplished by coupling with the 
lactic dehydrogenase-pyruvate system. The reaction mixture 
was identical to that described above for p-ribulose production 
except that 500 umoles of p-arabitol and 500 units of p-arabitol 
dehydrogenase were added. After incubation for 4 hours at 
room temperature, the reaction mixture was chromatographed on 
Dowex 1-borate as described above for the isolation of p-ribulose. 
The ketose was eluted between 450 and 530 ml of 0.01 m sodium 
borate; this is characteristic of xylulose. Ketose (151 umoles) 
was recovered and concentrated in a vacuum in a volume of 3.6 
ml. A summary of the identification tests performed on this 
fraction is given in Table IV. Full color development in the 
cysteine-carbazole test required more than 1 hour at 37° which is 
characteristic of xylulose. The isolated product acted as a 
substrate for the specific p-xylose (D-xylulose) isomerase (25) 
and for the purified p-arabitol (p-xylulose) dehydrogenase, but 
was inactive when tested with p-arabinose (p-ribulose) isomerase 
and t-arabinose (L-ribulose) isomerase, which are present in 
extracts of D-arabinose- and tL-arabinose-grown cells, respec- 
tively. Further, the product was not reduced by ribitol (p- 
ribulose) dehydrogenase and DPNH. The specific rotation of 
the oxidation product in water (c = 0.042, b = 5) was —38.9°, 
whereas the rotation reported for authentic p-xylulose is —36.8° 
(26). 

Identification of p-Xylulose Reduction Product—pv-Xylulose and 








TaBLeE III 
Purification of p-arabitol dehydrogenase 
, Total Specific | Purifi- 
Step activity Recovery aateity conan 
“ios | % |"protetw | S0td 

Crudip @mtrant........<6 6. sa.ccaceas 55 40 
Protamine supernatant......... | 101 100 1 
Ammonium sulfate (0-0.60 satu- 

EN ocr scars as vavnatoeoie res 93 92 84 1 
Calcium phosphate gel.......... 42 42 126 1.6 
Ammonium sulfate (0.40-0.60 

WORTIUEIID ss 550-0 a.c:8 0 actararelats 37 37 
Calcium phosphate gel.......... 39 39 700 10 

















* 1 unit is that amount of dehydrogenase catalyzing a decrease 
in absorbancy at 340 my of 1.0 per minute. 
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TaBLeE IV 


Identification of p-arabitol oxidation product 





Test Oxidation product Authentic p-xylulose 


Dowex 1-borate, elution 
? 


concentration. ..... 0.01 m 0.01 M 
Cysteine-carbazole _ test 

(full color develop- 

ment) . >60 min >60 min 


Enzyme tests 
p-Xylose isomerase..... + + 


p-Arabinose isomerase. . Negative Negative 
L-Arabinose isomerase. . Negative Negative 


p-Arabitol (p-xylulose) 
dehydrogenase... . a + 

Ribitol (p-ribulose) de- 
hydrogenase. 


Negative Negative 


Specific rotation. . (a)p = —38.9° | (a)p = —36.8° (26) 





TABLE V 
Specificity of p-arabitol dehydrogenase 
The conditions were identical to those used in Table IT, except 
that 0.01 unit of p-arabitol dehydrogenase was used. 








Activity* 





Ketose ——— 
DPNH TPNH 
ee 132 0 
ee eee eee 1 0 
D-MIDUIONS. .... 2... 6. ons 7 0 0” 
eee ee eee 0 0 





* Calculated to give an absorbancy change per ml of dehydro- 
genase per minute. 


DPNH (70 umoles of each) were incubated with 50 units of p- 
arabitol dehydrogenase in 0.2 mM potassium phosphate buffer, 
pH 7.5, for 4 hours. Solid sodium borate was added to 0.005 m 
and the mixture chromatographed on Dowex 1-borate. Two 
peaks were eluted in 0.02 m borate. The first peak was identified 
as D-xylulose (starting material) by the slow rate of color develop- 
ment in the cysteine-carbazole test and elution position from 
Dowex borate. The second peak which was cysteine-carbazole- 
and orcinol-negative was located by the periodate-formaldehyde 
test for polyols. The peak was concentrated and the borate 
removed with acidic methanol. This material, when treated 
with p-arabitol dehydrogenase and lactic dehydrogenase, yielded 
a ketose identified as xylulose by slow color development in the 
cysteine-carbazole test. A similar test with ribitol dehydrogenase 
was negative. 

Specificity—As shown in Table V, only p-xylulose of the 
ketopentoses was reduced. In contrast to the findings of Lin (5), 
reduction of fructose (2 umoles per cuvette) was barely detect- 
able, being 2.5% of the rate with p-xylulose. The following 
sugars were not reduced: p- and L-xylose, D-ribose, D-arabinose, 
L-sorbose, and p-sedoheptulose. The only pentitol oxidized in 
the lactic-p-arabitol dismutase system was p-arabitol; xylitol, 
ribitol, and L-arabitol were completely inactive. The dehy- 
drogenase did not use TPNH as a hydrogen donor. 


Ribitol and p-Arabitol Utilization 
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Other Characteristics—p-Arabitol dehydrogenase exhibited 
appreciable activity over a pH range of 6.0 to 8.5, with the opti- 
mum being at pH 7.0 (Fig. 4). Higher activity was obtained 
with potassium phosphate than with glycylglycine-HCl buffer, 
The effect of pyridine nucleotide and p-xylulose concentration 
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pH 
Fic. 4. pH optimum for p-arabitol dehydrogenase. The 0.5-ml 
micro cuvette contained, in 0.35 ml, 25 umoles of potassium phos- 
phate buffer at the pH values indicated, 1 wmole of p-xylulose, 
0.1 umole of DPNH, and 2 units of p-arabitol dehydrogenase. 


DPNH - wM/ ML. x 100 
































fe) 6 12 is 24 =—((S) 
50 100 150 200 \% 
2} —t 1} "tS hag 
| 
S | : 
x —: tt. 300 | 
E va . 
V 
3 i | i | | 
se an A Ky 36 x 10° M——}150 
7 “Bie ee 
ro) a : 
8 | | 
= O 
“180 
> 
oO 
= 
o 
cc 100 , 
” Vv 
@ 
< 50 
4 | 
| 
0 | 
4 8 12 i6 (S) 


D-XYLULOSE -wM/ML. 

Fic. 5. Effect of p-xylulose and DPNH upon reaction velocity. 
The 0.35-ml reaction mixture contained 25 uwmoles of potassium 
phosphate buffer, pH 7.5, varying levels of DPNH, 1 umole of 
p-xylulose, and 0.2 unit of dehydrogenase. When p-xylulose con- 
centration was varied, 0.15 umole of DPNH and 0.29 unit of dehy- 
drogenase were added. 
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upon the rate of reduction is shown in Fig. 5. Approximately 2 
umoles of p-xylulose and 0.05 umole of DPNH per cuvette are 
needed for maximal activity. The AK,» values obtained were 
1.14 X 10°? m and 3.6 X 10-5 M, respectively. The equilibrium 
(p-arabitol) (DPN) 

(p-xylulose) (DPNH) (H*)’ 
cisely determined, was calculated from reactions run in both 
directions to be of the order of 10-1. 

p-Xylulokinase—Extracts of p-arabitol-grown cells phos- 
phorylated p-xylulose at the rate of 624 ul of CO, evolved per 
hour per mg of protein. p-Arabitol also caused CO, evolution, 
432 ul per hour, but other pentitols and ketoses were phos- 
phorylated only slowly (20% of the rate with p-xylulose). D- 
Xylulokinase was not induced by growth on ribitol or L-arabito] 
but was present in high concentration in extracts of xylitol- 
grown cells. 

It is thus concluded that the pathway of p-arabitol dissimila- 
tion is as follows: 


constant, K = 





although not pre- 


p-Arabitol — p-xylulose — p-xylulose-5-P 


DISCUSSION 


The oxidation of ribitol and p-arabitol follows the Bertrand- 
Hudson rule (27, 28) in that a secondary hydroxyl group of a cis 
pair adjacent to a terminal primary alcohol group is oxidized. 
In contrast to A. suboxydans which attacks carbon 4 of ribitol to 
produce L-ribulose (7), A. aerogenes attacks carbon 2 to produce 
the enantiomorph, p-ribulose. This is the result of the avail- 
ability of two cis hydroxy] pairs in ribitol and the differences of 
the enzyme specificity. A further distinction between the two 
ribitol-oxidizing systems is the fact that in A. aerogenes the de- 
hydrogenase is DPN-linked, whereas in A. suborydans a particu- 
late DPN-independent system is involved. With pb-arabitol 
with one cis hydroxy! pair, both organisms attack the same hy- 
droxyl group. The high specificity of these polyol dehydro- 
genases distinguish them from the galactitol, p-mannitol, and 
L-iditol dehydrogenases from microorganisms previously re- 
ported by Arcus and Edson (1) and by Shaw (2). 

In view of the induced formation of the specific pentitol de- 
hydrogenases and pentulokinases, the lack of formation of L- 
ribulokinase, and the inability of extracts to attack ribitol phos- 
phate prepared by phosphorylation of ribitol by L-ribulokinase 
(18), it seems that ribitol phosphate is not an intermediate in 
ribitol dissimilation. The phosphorylation of ribitol by L- 
tibulokinase, therefore, seems to be fortuitous or to initiate path- 
ways leading to ribitol incorporation into structural components. 

The p-arabitol dehydrogenase herein described differs in certain 
aspects from another p-arabitol dehydrogenase reported by Lin 
(5). Fructose and mannitol are not substrates whereas the 
dehydrogenase studied by Lin was 45% as active on mannitol as 
on D-arabitol. Further, in this case, other inducers of p-arabitol 
dehydrogenase have been found (ribitol, xylitol, and L-arabitol), 
and appreciable levels of dehydrogenase are present in aero- 
bically grown cells. It may be, however, that even higher activ- 
ity would result from anaerobic conditions as reported by Lin (5). 
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SUMMARY 


Growth of Aerobacter aerogenes on ribitol induced the formation 
of a system for oxidation of ribitol and for p-ribulose when 
adenosine triphosphate was added. Ribitol phosphate was not 
oxidized. A diphosphopyridine nucleotide-specific ribitol de- 
hydrogenase has been purified 20-fold. The products of ribitol 
oxidation and p-ribulose reduction have been isolated and 
identified as pD-ribulose and ribitol, respectively. The dehy- 
drogenase was specific for ribitol, p-ribulose, and diphospho- 
pyridine nucleotide. The presence of a specific p-ribulokinase, 
distinct from t-ribulokinase, was demonstrated. 

Growth on p-arabitol induced a system for oxidation of p- 
arabitol and for p-xylulose when adenosine triphosphate was 
added. v-Arabitol dehydrogenase was purified 10-fold and 
shown to be specific for D-arabitol, D-xylulose, and triphospho- 
pyridine nucleotide. The products of p-arabitol oxidation and 
p-xylulose reduction were isolated and identified as p-xylulose and 
p-arabitol, respectively. The presence of p-xylulokinase in 
extracts was demonstrated. 
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Effect of Hormones on Glucose Metabolism in Adipose Tissue 
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The release of free fatty acid from adipose tissue incubated 
in vitro is inhibited by glucose and when glucose uptake is stimu- 
lated with insulin a further decrease is frequently observed 
(1, 2). Epinephrine also stimulates glucose uptake by adipose 
tissue (3) in contrast to its action in muscle (4, 5). The in- 
creased glucose uptake caused by epinephrine is, however, 
accompanied by an increase in free fatty acid release. In fact, 
in the presence of epinephrine, the addition of glucose has little 
effect on free fatty acid release. The effects of epinephrine, 
insulin, and several other hormones on the incorporation of C' 
from uniformly labeled glucose into fatty acids and glyceride 
glycerol were investigated in order to determine whether specific 
effects on glucose metabolism might be associated with different 
effects on free fatty acid release. In addition, by comparing the 
effects of different concentrations of a single hormone on two 
different aspects of metabolism and by comparing the actions of 
several hormones and related drugs on a number of metabolic 
variables, it has been possible to draw certain conclusions about 
the interrelationships of the diverse effects of these hormones. 
Recently, reports have appeared from two other laboratories 
concerning the effects of epinephrine, insulin, and adrenocortico- 
tropin on the incorporation of glucose carbon into adipose tissue 
glycerides (6-8). 


EXPERIMENTAL PROCEDURE 


Epididymal fat bodies were obtained from male Sprague- 
Dawley rats, weighing 150 to 200 g, maintained on a diet of 
Purina chow ad libitum and fasted for 16 to 20 hours before 
killing. After decapitation of the rat, tissues were rapidly ex- 
cised, weighed on a torsion balance, and added to 25-ml Erlen- 
meyer flasks containing 3 ml of Krebs bicarbonate medium (9) 
with 30 mg per ml of albumin (Fraction V from bovine plasma, 
Armour Pharmaceutical Company). Incubation was begun 
immediately for each pair of tissues (<2 minutes after decapita- 
tion of the rat). Flasks were flushed with the appropriate gas 
phase, usually 95% oxygen-5% carbon dioxide, during the first 
5 minutes of incubation, after which they were sealed. The 
concentration of glucose in the medium was 0.5 mg per ml in all 
experiments except those summarized in Table I. With this 
amount of glucose, the fraction taken up by the tissue in 1 hour 
was usually sufficient to be accurately determined, although in 
some experiments the incubation period was extended to 2 hours. 
One of the two tissues obtained from each rat served as a con- 
trol whereas the medium in which the contralateral tissue was 
incubated contained the material to be tested. 

Samples of medium before and after incubation were taken for 


determination of FFA! by a slight modification of the method 
of Dole (10). Results are expressed as microequivalents of 
FFA released into the medium per gram of tissue (wet weight) 
per hour. Glucose was determined with glucose oxidase by the 
Glucostat reagents (Worthington Biochemical Corporation) on 
aliquots of medium before and after incubation. Glucose up- 
take is recorded as mg of glucose per gram of tissue (wet weight) 
per hour. 

For isolation of neutral lipid in experiments with C'-glucose, 
the tissue was removed from the medium after incubation, 
rapidly rinsed, blotted, and homogenized in 3 ml of water. Two 
milliliters of the homogenate were immediately added to 15 ml 
of isooctane-isopropanol-1 Nn sulfuric acid, 10:40:1, (10) for ex- 
traction of lipid. The isooctane phase was extracted with Borg- 
strém’s alkaline ethanol mixture (11) to remove FFA. The 
alkaline ethanol phase was then extracted again with isooctane, 
which was added to the first isooctane extract. The pooled 
isooctane solutions were extracted once more with a fresh portion 
of alkaline ethanol. One portion of the washed isooctane phase 
(referred to as the neutral lipid or glyceride fraction) was assayed 
for radioactivity.2 Another was saponified, acidified, and 
extracted with isooctane to separate the fatty acids for determi- 
nation of radioactivity. Glyceride glycerol radioactivity was cal- 
culated from the difference between the total glyceride radio- 
activity and the glyceride fatty acid radioactivity. As a check 
on the validity of this method of determining glyceride glycerol 
radioactivity, the nonfatty acid portion of the glyceride was 
oxidized with periodic acid and the dimedon derivative was iso- 
lated and assayed for C4. The theoretical amount (mean + 
s.e.m. = 66 + 2) of the calculated glyceride glycerol radioactivity 
was recovered. C! was assayed in a solution of diphenyloxazole 
in toluene (6 mg per ml) with a Packard Tri-Carb liquid scin- 
tillation counter. 

Epinephrine and norepinephrine solutions were prepared from 
the respective t-bitartrates. Concentrations are recorded in 
terms of the free base. Insulin (lot No. 192-235 B-188, 20 
units per mg) and glucagon (lot No. 258-234 B-54-2) were pro- 
vided by the Eli Lilly and Company through the courtesy of Dr. 
©. K. Behrens. ACTH was a commercial preparation. 3’,5’- 
AMP and 5’-AMP were purchased from the Sigma Chemical 
Company. Glucose-U-C" was obtained from Nuclear-Chicago. 

‘The abbreviations used are: FFA, free fatty acid; ACTH, 
adrenocorticotropin. 

2 This fraction contains, in addition to glycerides, cholesterol 
esters and phospholipids, both of which comprise a very small 
fraction of adipose tissue lipid. 
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GLUCOSE UPTAKE 


I 


a | oe 


Fic. 1. Effect of hormones on glucose uptake and release of 
FFA. Solid bars represent the mean of the values from control 
tissues. Open bars represent the mean of the values from hor- 
mone-treated tissues where the effect, i.e. the mean of the dif- 
ferences between paired control and treated tissues, is significant 
(p < 0.005). Stippled bars represent the means of values from 
hormone-treated tissues that are not significantly different from 
their paired controls. E = epinephrine, 2.7 ug per ml; V = nor- 
epinephrine, 2.7 wg per ml; A = ACTH, 0.2 unit per ml; G = 
glucagon, 50 ug per ml; S = serotonin, 0.4 um per ml; J = insulin, 
0.002 unit per ml. Number of pairs: EZ, N, A, S, and I = 6; 
G=16. Incubation time: Z, A, andG = 1 hour; N, S, and J = 2 
hours. 
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RESULTS 


Glucose Uptake and FFA Release—The amount of FFA re- 
leased into the medium by epididymal fat pads incubated with 
and without glucose is shown in Table I. The inhibitory effect 
of glucose on FFA release was not evident when epinephrine was 
present in the medium. Similarly, when the medium contained 
ACTH or glucagon, glucose did not decrease FFA release. 

Effects of several hormones on glucose uptake and on FFA 
release determined at the same time are shown in Fig. 1. The 
effect of glucagon on FFA release was smaller and its effect on 
glucose uptake was greater than the analogous effects of epineph- 
rine or of ACTH. It was considered that at least part of the 
effect of glucagon on glucose uptake might be caused by its 
contamination with traces of insulin, to which the adipose tissue 
is extremely sensitive. Cysteine-treated glucagon (50 ug per 
ml), however, stimulated glucose uptake to the same extent as 
did the untreated hormone. Serotonin stimulated glucose up- 
take but did not significantly alter FFA release. 

Fig. 2 summarizes data from similar experiments in which 
fatty acid release was stimulated by smaller amounts of epineph- 
rine, ACTH, or glucagon, with no measurable effect on glucose 
uptake. In these particular experiments norepinephrine, 0.1 
ug per ml, increased glucose uptake. In others at the same 
concentration, FFA release was stimulated without significant 
effect on glucose uptake. 

Incorporation of C' from Glucose-U-C™ into Neutral Lipid— 
Incubations were carried out for 1 hour as described above 
except that the medium contained glucose-U-C™, in addition 
to 0.5 mg per ml of unlabeled glucose as in the other experiments. 
Glucose uptake was not determined. Concentrations of AC TH, 
epinephrine, and glucagon were those found in previous experi- 
ments not to alter glucose uptake. 
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Fic. 2. Effect of hormones on glucose uptake and release of 
FFA. Experiments and symbols as in Fig. 1 except that concen- 
trations of hormones are lower. E = epinephrine, 0.1 ug per ml; 
N = norepinephrine, 0.1 wg per ml; A = ACTH, 0.04 unit per 
ml; G = glucagon, 5 wg perml. Number of pairs: E = 5, N = 6, 
A =17,G=7. Incubation time: EZ, A, and G = 1 hour; N = 2 
hours. 


TaBLe I 
Effect of glucose on fatty acid release 


Epididymal fat pads incubated in Krebs-bicarbonate buffer, 
95% oxygen-5% carbon dioxide, 37° for 1 hour. 





FFA release — weq/g/hr 














No glucose + Glucose (concentration) Glucose effect® 
ueg/g/hr 

2:3 2.0 (0.5 mg/ml) —0.8 + 0.3° 

3.8 | 2.8 (1.0 mg/ml) —1.0 + 0.2¢ 

2.2 1.1 (2.0 mg/ml) —1.1 + 0.2¢ 

14.44 13.8 (1.0 mg/ml)4 —0.6 + 0.7 

8.54 7.7 (2.0mg/ml)@ | -0.841.23 








« Mean of differences between pairs of tissues + standard error 
of mean. 

bp < 0.05. 

cp < 0.005. 

4 Flasks contained epinephrine, 0.1 ug per ml. 


At the end of the incubation period, essentially all of the lipid 
radioactivity in the tissue was in the glyceride fraction. There 
was little or no detectable C“ in FFA (of the tissue or of the 
medium). Usually less than 5% of the glyceride radioactivity is 
in the fatty acid portion of these molecules. This is in contrast 
to the distribution of radioactivity in glycerides from tissues of 
rats that have not been fasted. When such tissues are incu- 
bated under identical conditions, as much as 40% of the glyc- 
eride radioactivity is in the glyceride fatty acids. The most 
obvious effect of epinephrine or of ACTH under the latter cir- 
cumstances is to increase the amount of C" in the glycerol frac- 
tion of the glycerides (6-8). In tissues from fasted rats, as 
shown in Table II, the most significant effect of epinephrine or 
of ACTH was to decrease the amount of C™ found in the fatty 


3M. Vaughan, unpublished experiments. 
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TABLE II 


Effect of hormones on incorporation of C4 from glucose-U-C™ into glyceride fatty acids and into glyceride glycerol 


Mean of differences between paired tissues + standard error. 





Effect on c.p.m. per g in: 


Additions pg — 

Total glyceride 
Epinephrine, 0.1 ug/ml.... Herne 7 +28 + 20 
ACTH, 0.040 unit/ml.............. 12 +83 + 30 
Glucagon, 5 ug/ml... ae a3 6 +298 + 159 
Insulin, 0.00025 unit/ml..... aA 13 +412 + 81 
3’,5’-AMP, 1 umole/ml............. 6 +60 + 19 
5’-AMP, 1 pmole/ml. ..........066+.. 5 +59 + 12 
Caffeine, 0.25 uymole/ml............. a 4 —55 + 4 





« Not significant. 


acid portion of the glycerides. There was no corresponding 
decrease in the incorporation of C into the glycerol portion of 
the glycerides. Thus, the fraction of glyceride radioactivity 
present in the fatty acids was decreased. Glucagon increased 
incorporation into the glyceride fatty acids and into glyceride 
glycerol. These changes were roughly of equal magnitude so 
that there was no significant effect on the distribution of C 
within the glycerides, whereas, in the presence of insulin, in- 
corporation into fatty acids was increased far more than was 
incorporation into glyceride glycerol. 

The effects of 3’,5’-AMP and of 5’-AMP on the incorporation 
of C' from glucose-U-C" into glycerides were similar and were 
unlike those of epinephrine, ACTH, or glucagon. The release 
of FFA from the adipose tissue was inhibited by these nucleo- 
tides. (This effect was observed also when the incubation 
medium contained no glucose.) Several tissues contain an en- 
zyme that converts 3’,5’-AMP to 5’-AMP (12). This enzyme 
is inhibited by caffeine. If the effects noted when 3’,5’-AMP 
was added to the medium were caused by 5’-AMP formed en- 
zymatically from the former nucleotide, prevention of this con- 
version with caffeine might make demonstrable an effect caused 
by 3’,5’-AMP itself. This hypothesis was not tested because 
it was found that caffeine (5 10-5 mM) caused a small but sig- 
nificant increase in fatty acid release. In addition, as shown in 
Table II, caffeine (2.5 < 10-4 m) inhibited the incorporation of 
C* from medium glucose into both the fatty acid and the glyc- 
erol moieties of glyceride. Glucose uptake was not determined 
in these studies. In other experiments, a small but consistent 
inhibition of glucose uptake has been observed with this concen- 
tration of caffeine. 

When both tissues of each pair were incubated with epineph- 
rine (0.1 wg per ml) and dihydroergocornine (0.15 mg per ml) 
was added to one of each pair, inhibition of fatty acid release by 
the ergot compound was readily demonstrated. In an experi- 
ment of this type with six pairs of tissues, there was no signifi- 
cant effect on the incorporation of C™ from uniformly labeled 
glucose into glyceride-fatty acids (—14% + 18) or into glyceride 
glycerol (—15% + 9), whereas FFA release was inhibited 
(—2.9 + 0.2 weq per g). Similarly, it has been found that 
phentolamine significantly inhibited FFA release (—2.2 + 0.2 
peq per g) in tissues incubated with ACTH without consistently 
affecting the pattern of incorporation of C™ from glucose-U-C™ 
into glycerides. 


Effect on percentage 
of total glyceride-C' in Effect on FFA release 
glyceride fatty acid 


Glyceride fatty 


slyceride glycero 
acia Glyceride glycerol 


b 
: | 
bal 
~J 
os 


—50 + 9 +27 + 18 —2.1+ 0.5 +5.2 + 0.6 
—37 + 8 +91 + 31 —3.1 + 0.7 +8.2 + 0.7 
+86 + 42 +307 + 165 N.S.¢ +2.9 + 0.5 
+3728 + 10 +235 + 54 +31.8 + 2.4 —0.9 + 0.2 
+107 + 23 +62 + 22 N.S. —0.8 + 0.2 
+132 + 52 +67 + 33 N.S. —-0.7+ 0.2 
—84 + 4 —52 4+ 4 —7.2 + 2.5 +1.4 + 0.3 
DISCUSSION 


The effects of ACTH and of epinephrine on the incorporation 
of C' from glucose into glycerides resemble each other, as do 
their effects on the other variables that have been studied. 
The findings reported here differ somewhat from data on the 
effects of these hormones obtained in other laboratories (6-8) in 
which tissues from fed rats were studied in similar experiments, 
These differences are largely caused by the use of fasted rats in 
the studies reported here, but may in part be attributed also to 
differences in incubation times, in hormone concentrations, and 
in products isolated. 

Glucagon, in the C'-glucose studies, produces effects unlike 
those of epinephrine and of ACTH. Quantitative (but not 
qualitative) differences in the action of glucagon and the other 
two hormones on FFA release and on phosphorylase activity 
have been previously noted (13). It cannot be decided at 
present whether the effects on glucose uptake and metabolism 
represent a unique action of the glucagon molecule or whether 
they result from the combination of a small amount of insulin 
activity with an epinephrine-like effect of glucagon itself. The 
action of glucagon in the experiments with C'-glucose reported 
above is good evidence that its effects on glucose metabolism 
are not caused entirely by the presence of insulin in the prepara- 
tion. Lee et al. (14) observed, as also reported here, that cyste- 
ine treatment does not diminish the effect of glucagon on glu- 
cose uptake, suggesting that this may be an effect of glucagon 
itself, although the possibility exists that the inactivation of 
insulin is not complete or, alternatively, that the reduced B 
chain of insulin contributes to the observed effects (15). These 
workers did find, however, that the insulin-like effect of glucagon 
on the production of CO2 from glucose-1-C™ is diminished by 
cysteine treatment. 

Serotonin stimulates glucose uptake but, unlike epinephrine, 
norepinephrine, ACTH, and glucagon, does not enhance FFA 
release. Each of these hormones increases phosphorylase ac- 
tivity (13), presumably by favoring the accumulation of 3’,5’- 
AMP. The effects of 3’,5’-AMP added to the medium, how- 
ever, differ in several ways from those of the hormones. This 
may be caused entirely by failure of the nucleotide to penetrate 
to its normal sites of action within cells and, thus, the results of 
these experiments are inconclusive with respect to the role 
played by this nucleotide (or its synthesis or degradation) in 
the production of the hormone effects. 
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It is significant that the effects of ACTH, epinephrine, and 
glucagon on FFA release, on phosphorylase activity, and on 
esterification of C'4-palmitic acid (16) are evident whether or 
not glucose is present in the medium. Epinephrine also stimu- 
lates lactic acid formation and produces characteristic effects on 
gas exchange in the absence of glucose (17). Furthermore, it is 
possible with low concentrations of each of these hormones to 
produce large effects on FFA release and on C'*-glucose metabo- 
lism with no measurable change in glucose uptake. It is not as 
easy to divorce effects on the pathways of metabolism from 
effects on FFA release. In the experiments with dihydroergo- 
cornine and with phentolamine, it was possible partially to in- 
hibit FFA release without demonstrably altering the conversion 
of glucose-C™ to glycerides. The concentration of FFA in the 
drug-treated tissues was, however, still elevated above that 
usually found in control tissues. Perhaps this elevation was 
sufficient to produce the effects on glucose metabolism usually 
seen with epinephrine or with ACTH (7). In an attempt to 
demonstrate such an effect of FFA concentration in the absence 
of hormones, pairs of tissues were incubated in medium con- 
taining C'-glucose, one with and one without albumin. The 
FFA concentration in the tissues incubated in the absence of 
albumin was higher than that in the controls, which were incu- 
bated as usual with 30 mg per ml of albumin (+1.2 + 0.2 neq 
per g). There were changes in the incorporation of C“ from 
glucose into glycerides but these did not mimic the effects of 
epinephrine, ACTH, or glucagon. Thus, the relationship of 
changes in tissue FFA concentration to alterations in pathways 
of metabolism remains unclear. 


SUMMARY 


1. Epinephrine, norepinephrine, adrenocorticotropin (ACTH), 
glucagon, and serotonin all increase glucose uptake by adipose 
tissue in vitro. 

2. When the concentration of epinephrine or of ACTH or 
glucagon is decreased to a level at which the effects on glucose 
uptake are not demonstrable, stimulation of free fatty acid re- 
lease is still evident. 


M. Vaughan 


2199 


3. The incorporation of C' from glucose-U-C™ into glyceride 
fatty acids in adipose tissue from fasted rats is diminished by 
epinephrine whereas the amount of C™ incorporated into the 
glyceride glycerol fraction is essentially unchanged. ACTH 
has similar effects. Glucagon consistently, but to a variable 
extent, increases incorporation into both the glycerol and the 
fatty acid portions of the glycerides. This effect is quantita- 
tively unlike that of insulin. 

4. The effects of 3’ ,5’ adenosine monophosphate added to the 
incubation medium are like those of 5’ adenosine monophos- 
phate and differ from those of epinephrine, ACTH, or glucagon. 
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Isotopic data reported by Mead, Steinberg, and Howton in 
1953 (1) and by Steinberg, Slaton, Howton, and Mead in 1956 (2) 
firmly established the incorporation of acetate and of linoleate, 
respectively, into arachidonic acid in the rat. Witten and 
Holman in 1952 (3) had suggested that pyridoxine stimulated 
this conversion. ‘They had shown that rats deficient in essential 
fatty acids and in pyridoxine synthesized less arachidonic acid 
when given linoleate than did those deficient in essential fatty 
acids alone or the doubly deficient rats given pyridoxine. 

The purpose of the present studies was to determine whether 
or not pyridoxine deficiency is specifically concerned in the 
conversion of linoleic to arachidonic acid and to identify the 
organs or tissues most susceptible to a deficiency. Our results 
indicate that pyridoxine is not concerned specifically with the 
conversion of linoleic to arachidonic acid but may affect in a 
general manner the metabolism of the saturated and monoun- 
saturated as well as polyunsaturated acids. 


EXPERIMENTAL PROCEDURE 


Animal Experiments 


Experiment 1—Weanling rats, 12 of each sex, born of Sprague- 
Dawley mothers fed laboratory chow, were fed a purified diet 
similar to Ration I described by Meneely, Tucker, and Darby 
(4) with the following modifications. Pyridoxine hydrochloride 
was omitted and Hubbell, Mendel, and Wakeman salt mixture 
(5) was used (2.9% by weight). This diet contained 25% casein 
and 20% Crisco (hydrogenated cottonseed oil) by weight and 
adequate quantities of known dietary essentials except pyridox- 
ine. Analysis of the fat in the mixed diet was done by alkaline 
isomerization and subsequent ultraviolet spectrophotometry of 
the ether-extracted fat. The complete diet contained 1.36% by 
weight of dienoic, 0.05°% of trienoic, and no tetraenoic acid. 
Each of 6 male and 6 female rats received orally 20 wg per day of 
pyridoxine. These animals were pair-fed with pyridoxine- 
deficient partners of the same sex which were allowed to eat ad 


* Supported by a grant from the Nutrition Foundation and by 
Atomic Energy Commission Contract No. AT (40-1)-1033. Pre- 
sented in part at the Fifth International Congress on Nutrition, 
Washington, D. C., September, 1960. 

+ Work done while a predoctoral fellow of the National Heart 
Institute, United States Public Health Service. The work re- 
ported in this paper was taken from a thesis submitted to the 
Faculty of the Graduate School, Vanderbilt University, in partial 
fulfillment of the requirements for the Degree of Doctor of Philos- 
ophy. Present address, Chemical Research Department, Atlas 
Powder Company, Wilmington, Delaware. 


libitum. The rats were killed by decapitation when 3 months 
old. Selected organs were removed, weighed, sealed under N, 
in glass ampuls, and kept at —20° until analyzed. Carcasses 
(total body minus the internal organs and the head) were sealed 
and stored in a similar manner. 

Experiment 2—Twenty-four male weanling Sprague-Dawley 
rats were fed the diet doubly deficient in pyridoxine and fat 
described by Witten and Holman (3), with the exception that it 
contained vitamin-free casein instead of egg albumin. After 6 
weeks on this diet, the animals were caged individually and 
paired randomly. All were given 100 mg per day of linoleic acid 
as either the methyl or ethyl ester. One of each pair received 
daily 1.0 mg of pyridoxine and was pair-fed with its pyridoxine- 
deficient partner which was allowed to eat ad libitum. After 3 
weeks, only 7 deficient animals remained alive. Six of these and 
their pair-fed supplemented partners were killed and their tissues 
treated in the manner described under Experiment 1. Pyri- 
doxine was added to the drinking water of the seventh deficient 
animal and it returned to full health in several weeks. 

Experiment 3—Weanling Sprague-Dawley rats, 12 of each sex, 
were treated until 3 months of age in the same manner as those in 
Experiment 1. After a 16-hour fast, each rat was given by 
stomach tube 10 ue of linoleic acid-1-C™ (10 mg of linoleic acid in 
0.5 ml of olive oil). Expired air was collected in NaOH traps, 
and the animals were killed after a 3- or 6-hour period. Tissues 
were removed and stored as described for Experiment 1. 


Assays 


The tissues were saponified in 10% ethanolic KOH by heating 
Hydro- 
quinone was added to each sample to minimize oxidation of un- 
saturated fatty acids. 

The nonsaponifiable materials were extracted with petroleum 
ether! from an alkaline solution, and the total fatty acids were 
removed by extraction with petroleum ether of the acidified 
layer. Total fatty acids were determined by titration with 
0.004 Nn ethanolic NaOH with metacresol purple indicator. 
Nitrogen was bubbled through each sample before and con- 
tinuously throughout the titration. 

Polyunsaturated fatty acids were estimated by ultraviolet 
spectrophotometry after alkaline isomerization according to the 
micro method of Holman and Hayes (6) with minor modifica- 
tions. Extinction coefficients were determined with pure linoleic, 


at 96° under an atmosphere of oxygen-free nitrogen. 


t The petroleum ether was purified by nitration, water washing, 
drying with anhydrous sodium sulfate, and fractional distillation 
to remove ultraviolet light-absorbing contaminants. 
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TABLE I 


Polyunsaturated and total fatty acid concentrations of tissues from 3-month-old male pyridoxine-deficient and pair-fed control 
rats used in Experiment 1 (diet containing 20% fat) 





Polyunsaturated fatty acids 





























Tissue —- pm weed Total fatty acids 
Dienes Trienes Tetraenes Pentaenes Hexaenes 
= mg/100 mg total fatty acids | mg/g wet weight of tissue 
eee ee 6 + 9.6 (0.3)* 0.8 (0.3) 16.1 (0.9) | 1.5 (0.1) 8.9 (0.6) | 32.1 (4.7) 
6 — 9.0 (0.8) | 1.2 40.2) | 17.7 (1.3) | 1.8 (0.2) 8.7 (0.5) 26.7 (1.3) 
. ee 6 + 1.9 (0.4) | 1.2 (6:2) | 15.7 (1.7) 18.7 (1.2) | 3.9 (0.4) 14.7 @.2) 
6 _ | 1.8 (0.6) | 0.9 (0.5) | 17.8 (0.3) 22.9 (0.8) 5.7 (0.6) | 15.9 (0.9) 
| | | 
eee 6 + | 8.5 (0.4) | 0.0 | 19.6 (0.9) | 2.2 (0.3) 12.5 (0.8) 21.7 (1.0) 
6 _ | 9.9 (1.0) 0.5 (0.3) | 18.8 (0.6) | 2.0 (0.1) 17.0 (0.9) | 19.7 (0.4) 
ee ae + | 8.3(08) | 0.0 24.9(1.1) | 1.3(01) | 3.302 25.8 (0.6) 
6 | _ | 8.7 (0.4) 0.0 27.6 (1.0) | 1.9°@2) 4.4 (0.5) 19.8 (0.9) 
err e 3 + 81.7 (7.8) | 1.6 (0.5) 12.5 (1) 3.0 (0.4) 13.2 (0.7) 39.9 (11.0) 
3 | _ w.r@2) «6| 0.2 2) | 13.5 (0.6) 3.0 (0.6) 16.9 (2.9) | 17.0 (4.7) 
* Number in parentheses is standard error of the mean. 
linolenic, and arachidonic acids.2. For pentaenoic and hexaenoic RESULTS 


acids the extinction coefficients used were those given by Hol- 
man and Hayes (6). 

Expired CO, was precipitated as BaCOs, and its radioactivity 
was assayed in a windowless counter. Appropriate corrections 
were made for self-absorption. 

C¥ activity of fatty acids was determined in a Packard Tri- 
Carb liquid scintillation spectrometer. Toluene was used as 
solvent and 2,5-diphenyloxazole as phosphor. Indicated cor- 
rections were made for quenching. 

Fatty acids were converted by diazomethane to their methyl 
esters, and these were separated by gas-liquid chromatography 
on a Barber-Colman instrument equipped with a U-shaped glass 
column (8 feet X 4 mm I.D.) and with an argon ionization 
detector. -The column packing was 20% by weight of diethylene 
glycol-succinate polyester coated on 80 to 100 mesh acid-washed 
firebrick. Other conditions used were: flash heater temperature 
300°, column temperature 197°, detector temperature 225°, 
argon flow rate 175 ml per minute, argon gas pressure 40 p.s.i. 
Retention volumes for methy] linoleate and methyl arachidonate 
were determined with reference compounds obtained from The 
Hormel Foundation, Austin, Minnesota. 

Collection of methyl] linoleate and methyl] arachiodonate from 
hepatic fatty acid esters in adequate quantities for chemical and 
radioactivity analyses was accomplished by several repeated gas- 
liquid chromatographic runs of each sample. The effluent gas 
was allowed to flow through a defatted cotton plug in the end of a 
glass tube immersed in chilled acetone. Because liquid phase 
bleeding from the chromatographic column contaminated these 
collected fractions, the fractions were hydrolyzed in 10% etha- 
nolic KOH by heating at 96° under nitrogen and extracted in 
the same manner as described for the fatty acids of the tissues 
analyzed. The total fatty acid concentration of each collected 
fraction was determined by titration and aliquots used for radio- 
activity assay. A portion of the collected fatty acid was meth- 
ylated with diazomethane and the purity checked by gas-liquid 
chromatography under conditions described before. 


Results obtained with the experimental conditions described 
for Experiments 1 and 2 were similar and are illustrated in 
Table I by the polyene levels observed in the male animals of 
Experiment 1. The concentrations, expressed as milligrams per 
100 mg of total fatty acids, in tissues of pyridoxine-deficient 
animals were as high or higher than those in tissues of their 
respective supplemented partners. In addition to the tissues 
listed in the table, samples of intestine, spleen, lung, serum, and 
brain were analyzed and similar results were obtained. Fur- 
thermore, similar patterns were observed in tissues from female 
rats. Since total fatty acid levels generally were higher in the 
pyridoxine-supplemented than in the deficient animals, greater 
absolute amounts of polyenes were present in the supplemented 
than in the deficient rats. 

If the tetraenoic acid content of carcass was calculated as 
milligrams per g of defatted carcass, there was obtained a con- 
stant ratio which was not significantly different for supple- 
mented and deficient animals (Table II). For the group 
receiving 100 mg of linoleic acid per day (Experiment 2), the 
average value in supplemented rats was 1.35 (S. E.2 = 0.03) and 
in deficient animals 1.30 (S. E. = 0.01). For those given the 
diet containing 20% fat (Experiment 1), the ratio was 1.44 for 
supplemented and 1.41 for deficient animals. 

When linoleic acid-1-C' was administered by stomach tube to 
pyridoxine-deficient and supplemented rats, the amount ab- 
sorbed (z.e. number of counts per minute administered minus the 
number of counts per minute in the feces plus gastrointestinal 
contents) in 6 hours varied greatly from one animal to another 
(from about 22 to 90% of the administered dose). In most of 
the paired animals a greater percentage of the administered dose 
was absorbed by the deficient animal. As much or more of the 
absorbed dose was oxidized to C“O: by the deficient animal than 
by the supplemented animal in both 3- and 6-hour experiments. 


2 Obtained from the Hormel Foundation, Austin, Minnesota. 
3 Standard error of the mean. 
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TABLE II 


Tetraenoic acid concentrations of carcasses of pyridoxine-deficient 
and pair-fed control rats receiving daily 100 mg of linoleic acid 
(animals of Experiment 2) 





= Defatted ’ : Total | Tetraenoic 
Control or deficient Peston Fatty acid tetraenoic | acid in de- 
ee acid fatted carcass 
as 8 , mg mg/g 
Control ; : 106 9.7 142 1.33 
Deficient ; 91 3.6 97 1.06 
Control ; my: 85 2.7 107 1.26 
Deficient 61 1.3 74 1.20 
Control 108 10.1 35 6CU|lClCdLCCH 
Deficient 118 8.1 153 1.29 
Control 87 7.4 127 5 
Deficient 69 1.1 98 1 
Control 117 6.6 148 1.26 
Deficient 84 3.2 111 1.32 
Control - 83 8.6 118 1.42 
Deficient 64 1.5 101 1.57 
TABLE III 


CO. in expired air of pyridoxine-deficient and control rats given 
orally linoleic acid-1-C™ 
C expired as C4Oe in 6 hours 
Control or deficient — — 
Absorbed C4 


% | %/100 g body weight 
Control (female)..... oe 28 .4 6.4 
Deficient (female) Toons ita 27.6 12.3 
Control (female) 33.5 9.0 
Deficient (female)... .. 23.7 15.3 
Control (female)...... 1) 9.0 
Deficient (female) 29.9 13.6 
Control (male) 33.2 4.7 
Deficient (male) 21.0 20.6 
Control (male). . 10.7 wi 
Deficient (male) 32.2 12.3 
Control (male) 13.4 3.1 
Deficient (male) 35.4 11.8 


The data for the 6-hour experiments are shown in Table III. If 
the data are expressed as % of absorbed dose per 100 g of body 
weight, all deficient animals oxidized a greater percentage of the 
absorbed dose than did the corresponding supplemented animals.‘ 

Total fatty acids from livers of pyridoxine-deficient and supple- 
mented rats given linoleic acid-1-C™ were analyzed by alkaline 
isomerization. Results are givenin Table lV. Both the dienoic 
and tetraenoic acid concentrations (percentage of total fatty 

‘ With the combined values for males and females the difference 


between deficient and control animals is significant at the 1% 
level (t = 5.12 with 5 degrees of freedom). 


Pyridoxine and Polyunsaturated Fatty Acids 
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acids) were generally higher in the pyridoxine-deficient rats than 
in the supplemented (Table IV). However, the total amounts 
of each of these acids in the livers were usually lower in the 
deficient than in the control rats. Pure fractions of methy| 
linoleate and of methyl arachidonate separated by gas chro- 
matography were collected and analyzed for radioactivity. In 
most of the groups the hepatic total fatty acids of the deficient 
animals contained a lower percentage of the radioactivity than 
did those of the supplemented. In 4 of 5 pairs of livers the 
percentage activity in the arachidonic acid was much lower in 
the deficient than in the supplemented animals. However, in 4 
of 6 pairs of livers lower amounts of activity also were observed 
in the linoleic acid fraction of pyridoxine-deficient compared to 
supplemented animals. 


DISCUSSION 


The hypothesis that pyridoxine is specifically involved in the 
conversion of linoleic to arachidonic acid has its origin in observa- 
tions made by Witten and Holman in 1952 (3). 
found larger amounts of tetraenes and hexaenes in supplemented 
when compared to pyridoxine-deficient rats after supplementing 
a fat-deficient diet with linoleate or linolenate. They suggested 
that the conversion of linoleate to arachidonate was stimulated 
by administration of pyridoxine. 


These workers 


Because the polyenoic acid concentrations of tissues from our 
pyridoxine-deficient rats maintained on a diet containing 20% fat 
proved to be comparable to those of pyridoxine-supplemented 
animals, an experiment patterned according to that of Witten 
and Holman (3) was done. The polyunsaturated fatty acid 
concentrations of all tissues analyzed were higher in the pyri- 
doxine-deficient rats than in their pair-fed supplemented partners. 
Although carcasses of deficient rats had higher percentages of 
tetraenes and hexaenes, the total amounts were greater in the 


TABLE IV 
Dienoic and tetraenoic levels and distribution of C™ between polyenes 
in livers of pyridoxine-deficient and control rats fed 
linoleic acid-1-C“ 


Amount in total 
live 


Total fatty acids Absorbed C!# 


Control or deficient 


Total 


Dienes — Dienes — aay Dienes _ 

- eae area Be De 

Control §.6 | 15.3| 9.1 | 24.7 | 7.7 | 2.41 | 1.00 
Deficient 6.0 | 23.8 | 6.3 | 24.7 1.10 | 0.65 | 0.03 


Control 6.2 | 22.1 | 10.3 | 36.9| 5.23 | 3.50 | 0.60 
y 


Deficient 6.6 | 23.6 | 4.7 | 16.7| 3.21 | 1.94 | 0.39 
Control 6.7 | 23.6 | 7.7 | 26.9 | 5.25 | 1.01 | 0.28 
Deficient ..| 9.5 | 18.0} 6.8] 13.0] 4.05 | 2.36 | 0.02 
Control 9.3 | 11.7 | 18.5 | 2.3 | 14.10 | 2.% 
Deficient 7.4 15.8 | 10.0 | 21.2 | 10.60 | 4.70 | 0.46 
Control 7.6 | 21.4 | 12.0 | 33.8 | 7.35 | 3.34 | 0.50 
Deficient 6.2 | 21.0} 2.9] 9.0] 2.77 | 1.13 | 0.02 
Control 6.1 | 19.0 | 15.7 | 48.7 | 8.84 | 5.02 | 0.02 
Deficient 10.2 | 17.0 | 16.4 | 27.2| 4.75 


| 3.96 | 0.04 








Au 


sup 
def 
sim 
fort 
inte 
was 
pyt 
and 
Ina 
am 
anil 
gen 
Cal 
the 


ina 
defi 
eve 
pyt 
met 


vol 
fun 
tha 


nan 
WO! 


effe 
fatt 
fere 
to ( 
fort 
Phi 
vits 
chi 


linc 
die: 
was 
the 
dir 


def 
this 
the 
fact 
anil 


mir 
in } 
rats 


as 
hig 





No. 8 


Ss than 
nounts 
in the 
methyl 
3 chro- 
y. In 
eficient 
y than 
ers the 
ywer in 
er, in 4 
served 
ared to 


| in the 
bserva- 
workers 
mented 
nenting 
geested 
nulated 


om our 
20% fat 
mented 
Witten 
ty acid 
le pyri- 
artners. 
tages of 
r in the 





polyenes 


| 0.60 
| 0.39 





_— — 


| 0.02 


~~ 


~ 
S 
& 


4/ 0.50 | 
3 | 0.02 


2 | 0.02 
6 | 0.04 





XUM 


August 1961 


supplemented. However, when calculated as milligrams per g of 
defatted carcass, the average values for the two groups were 
similar. The result of this calculation plus the additional in- 
formation acquired by analyses of individual tissues support the 
interpretation that the amount of arachidonic acid in those rats 
was related to the tissue mass and, therefore, to growth. The 
pyridoxine-deficient rats, retarded in growth, had less tissue mass 
and smaller amounts of tetraenes than their pair-fed partners. 
Inasmuch as pyridoxine-supplemented rats contained larger 
amounts of the saturated plus monoenoic acids than did deficient 
animals, pyridoxine affected the metabolism of fatty acids in 
general. This observation is in keeping with the proposal of 
Carter and Phizackerley (7) that pyridoxine deficiency impairs 
the conversion of carbohydrate to fat. 

If part of the pyridoxine-deficient syndrome results from 
inadequate levels of arachidonic acid, feeding of this material to 
deficient animals should alleviate the signs of deficiency. How- 
ever, Williams and Hincenbergs (8) were unable to alleviate the 
pyridoxine deficiency syndrome of rats by feeding 100 mg of 
methyl arachidonate daily for 6 days. 

Although it has been assumed that pyridoxine may be in- 
volved in the conversion of linoleate to arachidonate, its exact 
function has not been suggested. Olsen recently emphasized 
that “B-type reactions” are not apparent in this conversion (9). 
A role for pyridoxine in the utilization of linoleic acid in mainte- 
nance of phosphate esterification in vitro was suggested by the 
work of Tulpule and Williams (10). 

Attempts to secure additional information concerning specific 
effects of pyridoxine deficiency on the metabolism of essential 
fatty acids involved the use of linoleic acid-1-C'*. No inter- 
ference of the deficiency with intestinal absorption or oxidation 
to C4O» of the administered C™-linoleic acid was observed. The 
former observation is in keeping with the findings of Carter and 
Phizackerley (7) that dietary fat absorption was not affected by 
vitamin Bg deficiency. C' activity was found in hepatic ara- 
chidonie acid of deficient animals but in smaller amounts than 
in supplemented animals. However, the amount of labeled 
linoleic acid was also smaller in livers of deficient animals, in- 
dicating that not only the product but also the labeled precursor 
was present in smaller amounts. It is, therefore, unlikely that 
the decreased conversion of linoleic to arachidonic acid was due 
directly to a lack of pyridoxine. 

The C" activity of hepatic total fatty acids from pyridoxine- 
deficient rats also was less than that in supplemented rats. That 
this might have been the result of relatively greater oxidation of 
the labeled linoleic acid by the deficient rats is suggested by the 
fact that they expired as much CO, as did the supplemented 
animals despite the smaller size of the deficient animals. 


SUMMARY 


Polyunsaturated fatty acid concentrations have been deter- 
mined and the metabolism of linoleic acid-1-C™ has been studied 
in pyridoxine-deficient and in pair-fed, pyridoxine-supplemented 
rats. 

Pyridoxine-deficient rats receiving daily 100 mg of linoleic acid 
as the only dietary fat had slightly higher total amounts and 
higher concentrations of polyenoic acids than did their pair-fed 
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partners. Pyridoxine-deficient animals on a diet containing 20% 
fat (hydrogenated cottonseed oil) had higher concentrations but 
slightly lower total amounts of polyunsaturated fatty acids than 
did the pair-fed supplemented animals. 

When the concentration of tetraenoic acid is calculated as 
milligrams per g of defatted carcass, the ratios for pyridoxine- 
deficient and pyridoxine-supplemented rats are similar. 

These findings suggest that the quantity of tetraenoic acid in 
the rat is a function of the tissue mass and that pyridoxine is not 
specifically involved in the conversion of linoleic to arachidonic 
acid. 

Intestinal absorption of linoleic acid-1-C™ was not impaired in 
pyridoxine deficiency. The percentage of absorbed C™ expired 
as CO. per 100 g of body weight was uniformly higher in 
pyridoxine-deficient than in supplemented rats. 

Smaller amounts of C™ were found in pure fractions of both 
arachidonic and linoleic acids isolated from livers of pyridoxine- 
deficient than from pair-fed, supplemented animals. Conversion 
of linoleic to arachidonic acid occurred in deficient animals but 
the data do not permit a conclusion as to a possible influence of 
pyridoxine on the rate of conversion. 


Acknowledgments—It is a pleasure to acknowledge the advice 
and help of Dr. Charles F. Federspiel, Assistant Professor of 
Biostatistics, with the statistical problems and the help of Dr. 
William J. Darby, Professor of Biochemistry, with the design of 
the experiments. 


Addendum—Since submission of this manuscript, Wakil (11) 
has published data indicating a possible role for pyridoxine in a 
mitochondrial enzyme system that effects elongation of long 
chain fatty acids, and Johnston, Kopaczyk, and Kummerow 
(12) have reported that little change occurred in fatty acid 
composition of carcass fat in pyridoxine deficiency unless the 
rats were also deficient in essential fatty acids. 
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Although cholesterol has been accepted as a precursor of the 
neutral steroid hormones, its role in estrogen formation has been 
subject to much doubt. It was postulated, on the basis of exper- 
iments in vivo in the pregnant mare, that cholesterol was not an 
estrogen precursor (1). The test animal had readily converted 
radioactive acetate to labeled estrogens, but had failed to convert 
administered radioactive cholesterol. Furthermore, in the 
acetate experiment, the serum cholesterol was not significantly 
labeled. At that time, it was felt that the conversion of neutral 
steroids to estrogens was not an important pathway, thereby 
excluding a major precursor role for cholesterol as well (1). A 
discussion of the validity of these arguments has been published 
(2). 

The conversion of neutral steroids to estrogens has now been 
shown to be, in fact, a quantitatively significant reaction (3, 4), 
and the conversion in vivo of cholesterol to estrone in a pregnant 
patient has been demonstrated, although in extremely. low yield 
(5). 

This is the third of a series of reports on the biogenesis of 
estrogens by the human ovary (cf. (4, 6)). It had been demon- 
strated in an earlier study, that acetate-1-C™ was converted to 
cholesterol as well as to estrogens in amounts consistent with a 
possible precursor role for cholesterol (6), and that progesterone, 
itself a cholesterol metabolite (7), could be converted to estrogens 
in 10% yield (4). In this report, the conversion in vitro of 
cholesterol-4-C" to estrone by the human ovary is described. 


EXPERIMENTAL PROCEDURE 


Tissue Preparation and Incubation—A normally menstruating 
patient scheduled for laparotomy was treated with 175 mg of 
ovine FSH! over a 9-day period before surgery. The FSH was 
generously supplied by the Endocrinology Study Section, Na- 
tional Institutes of Health. Both ovaries (47.5 g) were obtained 
at surgery, dissected and the follicular linings isolated. The 
follicular cyst linings (1.975 g) were minced and suspended in 
chilled Krebs’ phosphosaline buffer. The tissue was incubated 
for 4 hours at 37° with 1 ue of cholesterol-4-C" (37.7 we per mg) 
(New England Nuclear Corporation) in Krebs’ phosphosaline 
buffer at pH 7.4. 

Measurements of Radioactivity and Estrogen Assay—Radio- 
activity was measured in duplicate as previously described (6) 
and estrogen analyses were carried out in duplicate by the sul- 


* This work was supported by grants from the United States 
Public Health Service (A-2270, CY-2786) and the Josiah Macy, 
Jr. Foundation. 

1 The abbreviation used is: FSH, follicle-stimulating hormone. 


furic acid fluorescence method of Slaunwhite et al. (8). 
cates for all assays agreed within 5%. 

Gradient elution partition chromatography was carried out on 
Celite by the method described by Engel et al. (9). The method 
used for the formation of estrone methyl] ether and its subsequent 
purification has been reported by Brown (10). Paper chroma- 
tography was performed at room temperature with the procedure 
of Bush (11) with solvent systems noted in the text. The 
estrone methy] ether was crystallized from ethanol. 


Dupii- 


RESULTS 

Extraction—The incubation mixture was processed as pre- 
viously described (6). Three volumes of hot alcohol and 25 
volumes of hot acetone were added in small amounts to the in- 
cubation flask and the mixture was filtered. The remaining 
tissue was ground with sand, re-extracted with acetone, and 
filtered. The combined alcohol-acetone was evaporated to 
dryness under reduced pressure, and the residue was taken up 
in 5 ml of water and extracted 3 times with 6 volumes of chloro- 
form. The chloroform was evaporated and the residue par- 
titioned between equal volumes of pentane and 90% methanol. 
The pentane fraction contained 81% of the starting radioactivity 
(1.2 x 10° ¢.p.m.) and the 90% methanol fraction contained 4% 
of the starting radioactivity (58,385 c.p.m.). The 90% methanol 
fraction was next separated into a neutral fraction (45,070 c.p.m), 
an “estrone-estradiol” fraction (6,517 ¢.p.m.), and an “estriol” 
fraction (4,384 c.p.m.) by the method of Brown (10) as described 
in an earlier report of this series (6). Only the “estrone-estra- 
diol” fraction was processed further. 

Purification of ‘Estrone-Estradiol’” Fraction—The fraction 
designated the ‘“‘estrone-estradiol” fraction (6,517 ¢.p.m.) was 
subjected to an §8-transfer countercurrent distribution in 
separatory funnels between toluene and n NaOH according to the 
procedure of Baggett et al. (12). Half of the applied radio- 
activity was concentrated in the higher numbered tubes which 
contained the phenolic fraction (1,987 c.p.m.). These tubes were 
pooled and applied to a Celite column with estrone, estradiol, 
and estriol carriers (100 ug of each). The stationary phase was 


, ° . uh F 
90% methanol and the moving phase was trimethylpentane with 


a gradient of trimethylpentane-ethylene dichloride (1:1) alter 
the first 36 tubes had been collected. Alternate tubes from the 
column were counted and in the areas of concentration of counts 








each tube was counted for radioactivity and assayed for estrogens. | 


Total recovery of radioactivity from the column was 87.5% and 

° . "or 5 07, 
recovery of carrier estrone and estradiol was 93.7% and 98.5%, 
respectively. 
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The distribution of carrier estrone and radioactivity are il- 
justrated in Fig. 1. The peak tube for estrogen fluorescence and 
counts per minute coincided and the curves for radioactivity and 
carrier estrone were superimposable. Of the applied radioactiv- 
ity 47.7% (947 c.p.m.) was recovered with the carrier estrone. 

‘The carrier estradiol was recovered in a sharp peak after the 
gradient was applied. A curve of radioactivity (517 c.p.m.) was 
obtained which did not coincide with the carrier estradiol curve. 
This metabolite has not been identified. After the estradiol was 
recovered from the column, a gradient of ethylene-dichloride was 
applied and the carrier estriol was recovered. There was no 
radioactivity in this fraction, as would be expected, inasmuch as 
any more polar steroids should have been removed in the original 
extraction of the benzene-petroleum ether with water (“‘estriol”’ 
fraction). 

Purification of Estrone—The estrone pool recovered from the 
Celite column (933 c.p.m.; 74.5 ug of estrone) was next saponified 
(13) without change in specific activity. The material recovered 
from the saponification was methylated, purified by treatment 
with hydrogen peroxide and partition between petroleum ether 
and sodium hydroxide, and subjected to alumina chromatography 
(10) with a resultant slight drop in specific activity. Recrystal- 
lized estrone methyl ether (5 mg) (m.p., 171-172°) was next 
added as carrier and the mixture was recrystallized to constant 
specific activity. Both crystals and mother liquors were as- 
sayed for estrogen fluorescence and counts per minute. A sum- 
mary of the purification of the estrone is presented in Table I. 
As can be noted from the specific activity of the first mother 
liquor, a slight purification was achieved with the first crystal- 
lization. Thereafter, the specific activities of the crystals and 
mother liquors were essentially identical. 

Control Experiments—An amount of cholesterol-4-C™ equiva- 
lent to the starting material was processed in an identical manner 
without prior incubation and divided into a neutral fraction, an 
“estrone-estradiol”’ fraction, and an “estriol” fraction as de- 
scribed above. The ‘‘estrone-estradiol” fraction was subjected 
to an 8-transfer countercurrent distribution between toluene 
and N NaOH and the pooled phenolic portion was counted for 
radioactivity and chromatographed on a toluene-75% methanol 
system. It was established that the starting cholesterol was not 
contaminated with either estrone or estradiol. The neutral frac- 
tion was subjected to a Girard separation (14) and paper chro- 
matography on a ligroin-96% methanol system, and it was 
established that the cholesterol was not contaminated with other 
neutral compounds which could serve as estrogen precursors. 

Assay of Endogenous Estrogens in Follicular Fluid—Before 
dissection of the ovaries, the follicular cysts were aspirated of 28 
ce of clear, straw-colored fluid. This was extracted and as- 
sayed for estrogens by the method of Smith (15). This included 
addition of radioactive estrone and estradiol for reverse isotope 
dilution, purification on a Celite column, methylation, purifica- 
tion of the methyl ethers, and alumina chromatography (15). 
Estrone (23.1 ug/100 ml of follicular fluid) and estradiol (62.8 
ug/100 ml of follicular fluid) were isolated. 

Concentrations of the same order of magnitude have been re- 
covered from follicular cyst fluid and corpora lutea of patients 
not treated with FSH (15-17). 


DISCUSSION 


; Although it had been thought that the biogenesis of estrogens 
involved a completely distinct pathway (1), there is now in- 
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Fic. 1. The estrone curve from the Celite column. The sta- 
tionary phase was 90% methanol; the moving phase was trimethyl- 
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pentane. @——@®@, counts per minute; O——O, fluorescence. 
Each tube represents 1 column volume. 


TABLE I 


Purification of estrone and crystallization to constant specific activity 





! 
Radio- | Amount of 


Purification Step | activity | estrone | ssacie 
| c.p.m. | ug c.p.m./pug 
Pool from Celite column....... .| a 1" | 12.5 
Sapoentheauon::....... 5.50. saceec0 in | 962 | 76.7 12.4 
Methylation, treatment with H2Oz,, | | 
and petroleum ether-NaOH par- | | 
I iin init ee ened | ae 17S -1 th 
Alumina chromatography......... | 726. | 7 |} Wl 
Estrone methyl ether carrier added | | | 
(5 mg) | | 
} | mg | c.p.m./mg 
Pool. ee eo eS ae ear Ns | 630 | 4.2 | 150 
First: crystallisation............... | 492 | 3.1 | 159 
TY ON a orate cs neat | 108 | (0.65 | 166 
Second crystallization............. | ae | 2 | eee 
Mother liquor..................... | 61 0.325 157 
Third crystallization.............. 383 2.5 | 158 
BROURGY TQUOR i. sisinsi.e sds od amsiee 58 | (0.388 | 149 





creasing evidence that the estrogens share common precursors 
with the adrenal and testicular steroid hormones. .The present 
study lends support to the concept that cholesterol can be a 
precursor of the estrogens and confirms in vitro, the study in vivo 
of Werbin et al. (5). The role of progesterone as an estrogen 
precursor has been demonstrated in an earlier report of this 
series (4). 

As in earlier studies from this laboratory, FSH was used to 
enhance the enzymatic activity of human ovaries before their 
surgical removal. In this manner, the rather elusive conversion 
of cholesterol to estrogens could be demonstrated. The pro- 
cedures followed for establishing identity of the radioactive 
metabolites were similar to our previous studies (4, 6) and in- 
cluded the fine resolution of Celite chromatography and the 
relative specificity of methyl ether formation and purification. 
Finally, crystallization to constant specific activity was achieved. 
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In contrast to prior work in which acetate and progesterone 
were used as substrates (4, 6), no estradiol was recovered in this 
study which utilized cholesterol as an estrogen precursor. The 
significance of this observation is not readily apparent because 
the factors which control the estrone-estradiol ratio in a given 
tissue are largely unknown. The complex interplay between 
testosterone and androstenedione and estrone and estradiol 
which is a result of the 17@-ol dehydrogenases has been men- 
tioned in a report on estrogen formation by the human placenta 
(3). 

It is interesting to note that the present conversion of choles- 
terol to estrone was approximately 0.1% by isotope dilution 
whereas in earlier studies the conversion of acetate to estrogens 
was 0.02% and the conversion of progesterone to estrogens was 
10% (4, 6). This provides an order of ascending yield as one 
starts with a substrate biosynthetically closer to the end product. 
It is hoped that further studies of these reactions will provide 
greater insight into the rate-controlling steps in estrogen bio- 
synthesis. 


SUMMARY 


The conversion in vitro of cholesterol-4-C“% to estrone by 
human ovarian tissue has been described. Criteria for the 
identity of the radioactive metabolite and complete data on 
recovery and changes in specific activity have been provided. 
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The conversion of neutral Cig steroids to estrogens has been 
amply demonstrated in vitro with ovarian and placental tissues 
(I-4). The conversion of the Cy steroid, progesterone, to 17a- 
hydroxyprogesterone, and 4-androstene-3,17-dione and to the 
estrogens by ovarian tissue has also been reported (5, 6). Ex- 
tractions of ovarian tissue and cyst fluid have revealed the 
presence of endogenous 17a-hydroxyprogesterone and 4-andro- 
stene-3,17-dione (7, 8). These observations have prompted the 
formulation of a biosynthetic pathway for estrogens which in- 
volves the neutral steroids as intermediates (5). Although the 
actual formation de novo of these neutral steroids might be 
anticipated, it has not heretofore been demonstrated. 

The present study is the fourth in a series on the biogenesis of 
estrogens by the human ovary (cf. 6, 9, 10). A detailed analysis 
of the neutral fraction of an extract from the incubation of human 
ovaries with acetate-1-C™ reveals evidence for the formation 
of progesterone, 17a-hydroxyprogesterone, 4-androstene-3 , 17- 
dione, pregnenolone, 17a-hydroxypregnenolone, and dehydro- 
epiandrosterone.! 


EXPERIMENTAL PROCEDURE 


Preparation of Tissue and Incubation—The procedures followed 
here have been published in detail in an earlier report (9). 
Human ovaries were obtained at surgery from a normally 
menstruating patient who had received 195 mg of ovine FSH? 
for 9 days before operation. The hormone was generously sup- 
plied by the Endocrinology Study Section, National Institutes of 
Health. The follicular cyst linings were isolated from one 
ovary weighing 25 g and were minced and suspended in Krebs’ 
phosphosaline buffer at pH 7.4. The tissue was incubated with 
0.2 me of acetate-1-C' (24 me per mmole) (New England Nu- 
clear Corporation) for 4 hours at 37°. 

Measurement of Radioactivity and Steroid Assay—Determina- 
tion of radioactivity was carried out in duplicate as previously 
reported (9). Compounds containing a A‘3-ketone grouping 


*This work was supported by grants from the United States 


Public Health Service (A-2270, CY-2786) and the Josiah Macy, 
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Jr. Foundation. 

‘The systematic nomenclature for the steroids designated by 
trivial names are as follows: Pregnenolone, 38-hydroxypregn-5-en- 
20-one ; 17a-hydroxypregnenolone, 38, 17a-dihydroxypregn-5-en-20- 
one; dehydroepiandrosterone, 38-hydroxyandrost-5-en-17-one; 
progesterone, pregn-4-ene-3,20-dione; 17a-hydroxyprogesterone, 
\Ja-hydroxypregn-4-ene-3,20-dione; testosterone, 178-hydroxy- 
on androstenedione, androst-4-ene-3,17-dione 


* The abbreviation used is: FSH, folicle-stimulating hormone. 


were measured in duplicate by ultraviolet absorption at three 
wave lengths (androstenedione, 220, 240, 260 my), (17-hydroxy- 
progesterone (220, 242, 264 mu), (progesterone, 220, 241, 262 
my) and a corrected absorbancy was calculated from an Allen- 
type formula (12). Compounds containing a A°*-36-ol grouping 
were measured in duplicate by a modified Pettenkofer reaction 
(13) adapted for microdeterminations. All duplicate assays 
checked within 5%. 

Column partition chromatography was carried out by the 
method of Engel et al. (14) with modifications in column size and 
solvent elution as suggested by Weliky.? Digitonide formation 
was performed with the method of Butt et al. (15), and the micro- 
Girard procedure of Pincus and Pearlman was used to separate 
ketonic and nonketonic metabolites (16). Paper chromatography 
was carried out at room temperature according to the methods 
of Bush, Zaffaroni, and Savard (17-19) with solvent systems 
noted in the text. Steroid standards were localized on paper by 
ultraviolet absorption, by a spray of 5% phosphomolybdie acid 
in ethanol, or by dipping in a solution of absolute ethanol in 
concentrated sulfuric acid (1:2).4 Location of radioactive 
metabolites was established by running standards simultaneously 
on adjoining strips. The radioactivity was measured after 
elution of metabolites from the paper by agitation of the cut 
strips in ethanol or by ethanol elution with descending chro- 
matography of the localized zones cut from the paper strips. 
The eluates were washed by partition between benzene and 0.4 
Nn NaOH before ultraviolet absorption or Pettenkofer measure- 
ments. Direct assays of the paper eluates without this procedure 
were usually unsatisfactory. 

Enzymatic conversions for identification of metabolites were 
carried out with a 9000 X g supernatant fraction of human 
placenta and processed as described by Ryan (4). . Estrone was 
measured by the sulfuric acid fluorescence method of Slaun- 
white et al. (20). Acetylation was carried out by treatment of the 
steroid with acetic anhydride-pyridine (1:1) at room tempera- 
ture overnight. Chromic acid oxidation was carried out by 
treatment of the steroid with 5 mg of chromic acid in 5 ml of 
glacial acetic acid at room temperature overnight. 


RESULTS 


Initial Extraction and Purification—The initial stages of puri- 
fication have been reported in detail (9). The incubation mix- 


3 Modifications of the Celite columns for optimal separation of 
the neutral steroids were suggested by Dr. I. Weliky. 
4 The use of absolute ethanol in sulfuric acid to localize A5-3-ol 


steroids on paper chromatograms was suggested by Dr. R. V. 
Short. 
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Fig. 1. Distribution of carrier steroids and radioactivity of 
the nondigitonide, ketonic neutral fraction after application to a 
Celite gradient elution column. The stationary phase was 90% 
methanol and the mobile phase was trimethylpentane. After 72 
tubes of 0.1 column volume each were collected, a gradient of 
ethylene dichloride was applied and an additional 84 tubes of 0.5 
column volume each were collected. The individual tubes were 
pooled as indicated and the pools were processed separately as 
noted in the text. 


TABLE I ? 


Purification of radioactive androstenedione and conversion to estrone 


ee oe Radio- Amount of Specific 
Purification step activity steroid activity 
c.p.m. ug c.p.m./ pg 
Celite column. ie ” 84.0 + 5.3 
Paper chromatography 
Ligroin-96% methanol. . 8,962 107 83.8 
Carrier androstenedione added 
mg c.p.m./mg 
Pool a 7,908 9 878.7 
First crystallization. 3,248 3.8 854.7 
First mother liquor. 4,647 5.2 893.7 
Second crystallization 1,165 1.3 896.2 
Second mother liquor . 1,998 2.2 908 .2 
First mother liquor incubated with 
placental enzyme, extract as- 
sayed for estrone 
Crude extract 3,716 4.16 893 
Phenolic fraction 1,248 1.5 832 
Methylation and NaOH-petro- 
leum ether partition 1,230 1.45 848 
Alumina chromatography 1,116 1.34 833 


* Analysis of specific activities of 16 individual tubes. 


ture was treated with hot alcohol and acetone, filtered, 
evaporated to dryness. 


and 
The residue was dissolved in water and 
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extracted 3 times with 6 volumes of chloroform. The chloro. 
form was evaporated and the residue partitioned between equal 
volumes of pentane and 90% methanol. The 90% methanol] 
was evaporated to dryness under reduced pressure and divided 
into a neutral fraction, an “estrone-estradiol” fraction, and an 
“estriol” fraction by the method of Brown (21) as previously 
reported from this laboratory (9). The neutral fraction (1.3 x 
10° c.p.m.) was processed further as described below. A report 
on the “estrone-estradiol’” and “estriol” fractions from this 
experiment has been published (9). 

Separation of A*-38-ol Steroids—Carrier pregnenolone (1.06 mg) 
dehydroepiandrosterone (1.12 mg), and 17a-hydroxypregnenolone 
(1.01 mg) were added to the neutral extract and precipitation 
with digitonin was carried out. The nondigitonide fraction con- 
tained 325,680 c.p.m. and the digitonide fraction contained 
216,780 c.p.m. The recovery of carrier A5-38-ol steroids and 
radioactivity in the digitonide fraction was only 60% due to 
techinical losses. 

Purification of Nondigitonide Fraction—Carrier progesterone 
(200.8 ug) 4-androstene-3 , 17-dione (208.5 ug), and 17a-hydroxy- 
progesterone (209.4 ug) were added to the nondigitonide fraction 
(325,680 c.p.m.) and a Girard separation was performed. The 
ketonic fraction which was processed further contained 84% of 
the ketonic carrier steroids and 84,319 c.p.m. This fraction was 
put on a Celite gradient elution column (10 X 290 mm) con- 





taining 12.5 g of Celite with 90% methanol as the stationary 
phase and trimethylpentane as the mobile phase. After 72 
tubes of 0.1 column volume each had been collected, a gradient of 
ethylene dichloride was applied and an additional 84 tubes of 0.5 
column volume were collected. A second gradient of ethylene 
dichloride-methanol (1:1) was then applied and 48 more tubes of 
+ column volume collected. The column was then stripped with 
methanol. Alternate tubes from the column were counted and 
in the areas of concentration of radioactivity, every tube was 
counted and assayed for carrier steroid by ultraviolet absorption. 
Of the applied radioactivity, a total of 91% was recovered and the 
recovery of carrier progesterone, 4-androstene-3,17-dione, and 
17a-hydroxyprogesterone 92.6%, 81.6%, and 71.4%, 
respectively. The tubes corresponding to the carrier steroids 
were pooled as indicated in Fig. 1 and processed separately. In 
addition, several radioactive peaks were obtained which did not 
correspond to known carriers. These were also processed 
separately but have not been identified as yet. One of these, not 
shown in Fig. 1, came off with the second gradient as a well 
defined peak; the tube of greatest activity contained 1600 c.p.m. 

Purification of 4-Androstene-3 , 17-dione—The specific activities 
of the 16 individual tubes of the androstenedione curve from the 
Celite column (Fig. 1) were found to be 84.0 + 5.3 ¢.p.m. per ug 
with a chi square of 5.1 and a p value of 0.99. The peak tubes for 
carrier steroid and radioactivity coincided and the curves for 
both parameters were almost identical. The pool of the 16 tubes 


were 





(Fig. 1, pool 3) had the same specific activity and was run in a 
ligroin-96% methanol paper chromatographic system. The 
radioactivity ran with the carrier androstenedione and_ the 
specific activity of the eluted sample was unchanged (Table I). 
Reerystallized androstenedione (10 mg.; m.p., 172-174°) was 
added and crystallization to constant specific activity from hex- 
ane was achieved by assay of both crystals and mother liquors 
(Table I). The mother liquor from the first crystallization was 
incubated with a human placental enzyme system which converts 
androstenedione to estrone with a high degree of specificity (4). 
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The incubation mixture was extracted with chloroform, and the 
estrogen metabolites were purified by a phenolic separation, 
methylated, and chromatographed on alumina (21). Through- 
out all these procedures the specific activity of the isolated 
estrone was the same as that of the starting androstenedione 
providing the specificity of an enzymatic conversion as additional 
evidence for radiochemical identity. A summary of the data is 
given in Table I. 

Purification of 17a-Hydroxyprogesterone—The carrier 17a-hy- 
droxyprogesterone was recovered from the Celite column in a 
sharp peak and corresponded to a curve for radioactivity in the 
same area (Fig. 1). The peak tubes for ultraviolet absorption 
and counts per minute were the same and except at the 
peripheries both curves were superimposable. The tubes con- 
taining the carrier were pooled (Fig. 1, pool 4) and chromato- 
graphed in a ligroin-toluene (2:1)-70% methanol system. The 
carrier and radioactivity had the same mobility, but there was a 
sight drop in specific activity. The eluted 17a-hydroxy- 
progesterone was treated with acetic anhydide-pyridine at room 
temperature overnight and the acetylation mixture was chro- 
matographed on a ligroin-96% methanol system. Under these 
conditions pure 17a-hydroxyprogesterone should not be acety- 
lated. There was, however, a separation of the radioactivity 
into two separate zones. Of the starting carrier, 94% was re- 
covered with only 48% of the counts per minute in the 17a- 
hydroxyprogesterone section, an extensive purification with a 
corresponding drop in specific activity. The other radioactive 
zone (509 c.p.m.) was observed to have a mobility identical with a 
testosterone acetate standard run simultaneously. Attempts to 
demonstrate that this was testosterone acetate by further puri- 
fication were not successful and the metabolite was not identified. 
Recrystallized 17a-hydroxyprogesterone (m.p., 220-222°) was 
added to the 17a-hydroxyprogesterone portion from the paper 
chromatogram and crystallization from ethanol to constant 
specific activity was carried out; both crystals and mother 
liquors were assayed. After three crystallizations, the crystals 
and mother liquor agreed within 6.3% (Table II). The crystals 
were then oxidized with chromic acid and the oxidized metabo- 
lites chromatographed in two paper systems: ligroin-96% 
methanol and ligroin-toluene (2:1)-70% methanol. The major 
end product had the same mobility as standard androstenedione 
in both systems and could be localized by its ultraviolet absorp- 
tin. The specific activities of the eluates of both chroma- 
tograms were similar to that of the starting 17a-hydroxy- 
progesterone. The yield of androstenedione from the chromic 
acid oxidation was 55% and of radioactivity 57%. The eluates 
from the two chromatograms were pooled and crystallized. The 
crystals and mother liquor had similar specific activities. A 
summary of the purification steps is included in Table IT. 

Purification of Progesterone—The progesterone portion from 
the Celite column was overshadowed by a large radioactive peak 
coming off the column just before the carrier progesterone (Fig. 
1,pool 1). This metabolite has not been identified. The tubes 
corresponding to the carrier progesterone were pooled (Fig. 1, 
pool 2) and run sequentially in ligroin-96% methanol and 
ligroin-propylene glycol paper chromatographic systems. The 
tadioactivity and carrier progesterone ran together in each 
system but there was a slight drop in specific activity after 
the first chromatographic purification. Recrystallized carrier 
progesterone was added (5.4 mg.; m.p., 127—-129°) and crystal- 
lization was carried out from ethanol. The specific activities of 


tbo 
to 
S 


TaBLeE II 
Purification of radioactive 17a-hydroxyprogesterone and 
oxidation to androstenedione 


The mean specific activity for final 9 assays was 158 + 6.4, the 
coefficient of variation 4.1%, and chi square = 2.08, p = 0.99. 

















Purification step | | Seen | Sete 
c.p.m. ug c.p.m./pg 
ee ee |: 40.9* 
Paper chromatography 
Ligroin-toluene (2:1)-70% meth- 

NR or rs se cee oie 4,007 | 112 35.8 
Acetylation and paper chromatog- 

raphy 

Ligroin-96% methanol........... 1,906 | 105 18.2 
Carrier 17-hydroxyprogesterone added 
mg c.p.m./mg 

|_| an Ree etre 1,722 9.35 184 
First crystallization............... 1,112 7.2 154 
Second crystallization............. 736 4.8 153 
Third crystallization.............. 512 3.3 155 
Third mother liquor............... 141 0.85 166 
CrO; oxidation, analysis for andro- 

stenedione 

Paper chromatography 
Ligroin-96% methanol........... 150 0.96 156 
Ligroin-toluene (2:1)-70% meth- 
ES eo eiae cases Aces anes 146 0.87 168 
Pool of eluates from chromato- 

NI 8 Be oo acai Sonos earn enue 251 1.67 150 
First crystallization............... 115 0.737 | 156 
Misthier Tquee. ... «.occce secs cnss ees 121 0.726 | 167 

| 





* Average specific activity of 3 peak tubes off Celite column. 
See Figure 1. 


the crystals were constant through three crystallizations, but the 
specific activities of the mother liquors indicated that some 
impurity remained (Table ITI). 

Purification of Pool 5 of Ketonic, Nondigitonide Fraction— 
After the 17a-hydroxyprogesterone was recovered from the 
Celite column, a peak of radioactivity appeared which did not 
correspond to any of the known carriers (Fig. 1, pool 5). The 
individual tubes of this curve were pooled as indicated (5222 
c.p.m.) and run in several paper chromatographic systems. The 
radioactivity could be separated into three zones, of approxi- 
mately equal amounts. Although one of the zones corresponded 
to either 16a-hydroxyandrostenedione or 68-hydroxyandro- 
stenedione in chromatographic mobility, incubation of this 
eluate with placenta established that 16a-hydroxyandrostene- 
dione did not account for any of its radioactivity. Incubations 
of authentic 16a-hydroxyandrostenedione and of 68-hydroxy- 
androstenedione were simultaneously run, with the formation of 
estriol from the former and of 68-hydroxyestrone from the latter 
(22, 23). In the incubation with the radioactive metabolite 
there was no concentration of radioactivity in the estriol section. 
There were, however, two other areas of concentration, one of 
which corresponded to 68-hydroxyestrone. Inasmuch as this 
contained only 64 ¢.p.m., final identification was impossible. 

Purification of Digitonide Fraction—The A‘-38-ol steroids were 
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Purification of radioactive progesterone 























: Amount —— 
ja r Radio- ist Specific 
Purification step activity —- activity 
c.p.m. ug C.p.m./pg 
Pool from Celite column. .. 1,906 125 15.2 
Paper chromatography 
Ligroin-96% methanol....... 825 103 8.0 
Ligroin-96% methanol... . 575 94.5 6.1 
NaQOH-benzene partition 169 94.3 1.97 
Ligroin-propylene glycol 315 62 5.08 
NaOH-benzene partition 284 55.5 5.12 
Carrier progesterone added 
mg c.p.m./mg 
Pool ; 217 5.4 40.2 
First crystallization 150 4.3 34.9 
Second crystallization....... 81.7 2.23 36.6 
Third crystallization 43.5 1.2 36.3 
First mother liquor 91.5 0.915 100 
Second mother liquor. ..... 83.5 1.685 | 49.6 
Third mother liquor ; 36.0 0.767 16.9 
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Fic. 2. Distribution of carrier steroids and radioactivity of the 
digitonide neutral fraction after application to a Celite gradient 
elution column. The stationary phase was 90% methanol and 
the mobile phase was trimethylpentane. After 57 tubes of 1 col- 
umn volume each were collected, a gradient of ethylene dichloride 
was applied and an additional 87 tubes of 1 column volume each 
were collected. The individual tubes were pooled as indicated 
and the pools were processed separately as noted in the text. 


regenerated from the digitonide fraction by treatment with 
pyridine and extraction with diethyl ether. The steroids and 
accompanying radioactivity (216,780 c.p.m.) were applied to a 
Celite gradient elution column (10 * 179 mm) which contained 


7.5 g of Celite. The stationary phase was 90% methanol anq 
the mobile phase was trimethylpentane. After 57 tubes of | 
column volume each had been collected, a gradient of ethylene 
dichloride was applied. After an additional 87 tubes had beep 
collected, a final stripping of the column was accomplished with 
methanol. Alternate tubes from the column were counted and 
in the areas of concentration of radioactivity, every tube was 
counted and assayed in duplicate for A®-36-ol steroids by the 
Pettenkofer reaction. The distribution of counts per minute and 
of carrier steroids of this column are illustrated in Fig. 2. Of the 
applied radioactivity, 99.2% was recovered and of the carrier 
dehydroepiandrosterone and 17a-hydroxypregnenolone, 101% 
and 82.8% were recovered, respectively. An estimation of the 
recovery of carrier pregnenolone was difficult because of a large 
contaminating peak of radioactivity and interfering atypical 
Pettenkofer chromogen in the first seven tubes from the column 
(Fig. 2). This contaminating peak was felt to be a cholesterol. 
like sterol if not cholesterol itself, which also gives an atypical 
Pettenkofer reaction. The tubes containing carriers were 
pooled as indicated in Fig. 2 and each pool was processed sepa- 
rately. 

Purification of Dehydroepiandrosterone—Analyses of the 
specific activities of six individual tubes from the Celite column 
around the peak of carrier dehydroepiandrosterone (Fig. 2, pool 
2) revealed specific activities of 12.96 + 0.72 ¢.p.m. per ug witha 
coefficient of variation of 5.6%. The peaks for both Petten- 
kofer chromogen and counts per minute were identical and both 
curves were superimposable. The tubes containing the carrier 
were pooled (6083 c.p.m.; 474 ug) and subjected to a Girard 
separation. The ketonic fraction contained 94% of the carrier 
dehydroepiandrosterone but only 78% of the radioactivity; this 
suggested some purification of the fraction with a resultant drop 
in specific activity (Table IV). The ketonic fraction was next 
applied to a paper chromatogram and run in ligroin-propylene 
glycol. The dehydroepiandrosterone area eluted from the paper 
contained the radioactivity and there was no change in specific 
activity. Recrystallized dehydroepiandrosterone (10.4 mg; 
m.p., 149-150°) was added as carrier and the fraction was 
crystallized to constant specific activity with no change in values 
when both crystals and mother liquors were assayed (Table IV). 


TABLE IV 


Purification of radioactive dehydroepiandrosterone 


Amount f 
+6 att lita Radio- of dehydro- Specific 
Purification step activity epiandros- activity 
terone 
c.p.m. ug c.p.m./ug 
Celite column ree Sh ° : 12.96 + 0.72 
Girard separation, ketonic 4,755 466 10.2 
Paper chromatography 
Ligroin-propylene glycol. 2,915 274 10.6 
Dehydroepiandrosterone carrier 
added 
mg c.p.m./mg 
Pool 2,315 8.6 269 
First crystallization...... .., 1,000 3.85 260 
Mother liquor UM el 4.4 281 
Second erystallization......... 744 2.7 276 


Mother liquor Perea: 237 0.85 279 


* Analysis of six tubes. 
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Purification of Pregnenolone—In the face of the large radio- 
active peak in tubes 2 to 7 of the Celite column (Fig. 2), it was 
dificult to determine, on the basis of assays from the column, 
whether or not the carrier pregnenolone had any radioactivity 
associated with it. The subsequent steps were designed to rid 
the pregnenolone of the cholesterol-like contaminant. The tubes 
from the Celite column which contained the pregnenolone carrier 
(Fig. 2, pool 1) were pooled and subjected to a Girard separa- 
tin. The ketonic fraction contained 85% of the carrier but only 
62% of the radioactivity. It was run in a ligroin-propylene gly- 
el paper chromatographic system and eluted with no change in 
specific activity (Table V). Recrystallized carrier pregnenolone 
(6.5 mg; m.p., 193-194°) was added and crystallization to con- 
stant specific activity was achieved after three crystallizations; 
both crystals and mother liquors were assayed and a constant 
specific activity was taken as an end point for both of these 
fractions (Table V). 

Purification of 17a-Hydroxypregnenolone—The tubes from the 
Celite column which contained carrier 17a-hydroxypregnenolone 
did not exactly coincide with the radioactivity curve in that area 
(Fig. 2). The peak tubes were not identical, and the shapes of 
the curve for counts per minute and Pettenkofer chromogen were 
different. It was felt, however, that a small amount of the radio- 
activity could represent 17a-hydroxypregnenolone. Accordingly, 
the tubes containing the carrier were pooled (Fig. 2, pool 3), and 
subjected to a Girard separation. The recovery of carrier in the 
ketonic fraction was 83% and the recovery of radioactivity was 
34% which suggested an extensive purification. The ketonic 
fraction was next chromatographed in sequence, once in methyl- 
cyelohexane-propylene glycol and twice in chloroform-formamide 
systems with additional purification. In each system the bulk 
of the radioactivity ran with the carrier (Table VI). The 17a- 
hydroxypregnenolone eluted from the third paper was incubated 
with a placental extract known to convert A®-3-8-ol steroids to 
A“.3-ketones as described by Ryan and by Pearlman et al. (4, 24). 
The incubation mixture was extracted with chloroform and ap- 
plied directly to a ligroin-toluene (2:1)-70% methanol paper 
system with 17a-hydroxyprogesterone standards. The area 
corresponding to 17a-hydroxyprogesterone and equidistant sec- 
tions above and below it were eluted and assayed. Radioactivity 
as well as ultraviolet absorption were concentrated in the l7a- 
hydroxyprogesterone area, and the specific activity of this sec- 
tion was found to be similar to that of the starting 17a-hydroxy- 











TABLE V 
Purification of radioactive pregnenolone 
. Amount of} 
a Radio- | Specif 
Purification step activity — | even 
ae or a Pr 
Girard separation, ketonic......... 995 | 534 1.86 
Paper chromatography 
Ligroin-propylene glycol. ....... 732 382 1.92 
| 
Pregnenolone carrier added 
mg | c.p.m./mg 
eR a oc a ty iveniath 616 6.48 | 95.1 
First crystallization............... 468 5.13 | 91.2 
Second erystallization............. 329 3.52 | 93.5 
Third erystallization.............. 288 3.16 | 91.1 
Third mother liquor............... 33 0.36 | 91.7 








alla iieedthctecc> sea concen a ae 
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TaBLeE VI 


Purification of radioactive 17a-hydroxypregnenolone and enzymatic 
conversion to 17?a-hydroxyprogesterone 

















er Radio- | Amount | Specifi 
Purification step activity | Pe yo oton activity 
| c.p.m. ug c.p.m./pg 
| ee ree, See ee ene ere 6 | 2,700 | 401 | 6.73 
Girard separation, ketonic......... | 25 | 335 | 2276 
Paper chromatography | | 
Methylcyclohexane-propylene | 
OL ARERR ARE A ent terest 548 220 | 2.49 
Chloroform-formamide.......... 387 218 | ta 
Chloroform-formamide.......... 206 149 | 1.38 
Incubation with placental enzyme | 
Assay for 1?a-hydroxyprogesterone 
| 
Paper chromatography | 
Ligroine-toluene (2:1)-70% meth- 
eg ENE 34 | 20.4 | 1.67 
TaBLe VII 


Estimated amounts of radioactive steroids formed from acetate-1-C™ 


| 
| 








Steroid formed c.p.m.* 
MMI os i scat hed Oe RR 758 , 765 
PION Sooo bic st mae ateta eee Oe Oe | 545 
17-Hydroxyprogesterone..................... | 2,950 
TIGR OEUROUNGG 55. 5 Sock 6 eee tha eld Bh 10,463 
Le ee eee eee eee Te Parr | 5,600 
17-Hydroxypregnenolone.................... | 1,380 
Dehydroepiandrosterone.................... 10,200 
TRAE ati} Pot Bee tl | 26, 300 
EINE 5 5. 5. 2cocecaeom ce ene er ee ae 35,400 





* In each case the radioactivity of the pool taken for identifica- 
tion has been corrected on the basis of the drop in specific activity 
associated with achieving radiochemical purity. This not only 
corrects for contaminants but also for losses associated with sub- 
sequent purification of the identified metabolite. The data on 
estrone, estradiol, and cholesterol have been published in an 
earlier report (9). 


pregnenolone. Only approximately 14% of the carrier steroid 
and 16% of the radioactivity were recovered, however, and the 
extremely low counts which remained precluded further purifi- 
cation. The enzymatic conversion of the carrier to an ultra- 
violet-absorbing metabolite with the chromatographic behavior 
of 17a-hydroxyprogesterone and the recovery of the radioactivity 
in this area of the chromatogram are sufficiently suggestive evi- 
dence to make a tentative identification of the radioactive 
starting material as 17a-hydroxypregnenolone. The purifica- 
tion steps for this metabolite are summarized in Table VI. 

A comparison of the amounts of the various radioactive neutral 
steroids and estrogens formed from acetate-1-C™ by the human 
ovary in this and an earlier study (9) is given in Table VII. 


DISCUSSION 


The evidence that has been presented here for the formation 
of A*-3 keto-neutral steroids from acetate in human ovarian tissue 
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is consistent with the roles proposed for these compounds as 
intermediates in estrogen formation. 4-Androstene-3, 17-dione 
and testosterone are converted to estrogens by ovarian and 
placental tissue (1-4) and are in turn formed from progesterone or 
17a-hydroxyprogesterone by the ovary (5). The conversion of 
progesterone to estrogens by the human ovary has also been 
demonstrated (6). These neutral steroids, with the exception of 
testosterone, have all been isolated from human and animal 
ovarian tissue and cyst fluids (7, 8). 

An interesting observation was the evidence for the formation 
of dehydroepiandrosterone and 17a-hydroxypregnenolone as well 
as pregnenolone in the ovary. Inasmuch as dehydroepiandros- 
terone can be converted to androstenedione and thence to 
estrone (A), it is possible that this A*-3-ol steroid can play a more 
active role as an estrogen precursor than previously envisioned. 
Although Neher and Wettstein have isolated dehydroepiandros- 
terone from testes (25) its isolation from ovaries and actual 
formation in gonadal tissue has not been previously reported. 
They proposed a sequence of cholesterol — pregnenolone — 
17a-hydroxypregnenolone — dehydroepiandrosterone — an- 
drostenedione which could act as an alternate pathway for steroid 
formation in testes, adrenals, ovaries, and placenta. The isola- 
tion of the A‘-38-ol steroids from this ovarian incubation study 
lends support to their proposal. 

The ovaries used for the present work were primed with FSH 
before removal and provided an active enzymatic system as 
described previously (9). How closely ovaries so stimulated 
resemble normal human ovaries has not been established, but the 
estrogens recovered from the follicular fluids of these ovaries 
have been reported (9, 10) and were quantitatively and qualita- 
tively similar to assays for estrogens from ovaries of nontreated 
patients (26-28). 

The criteria for radiochemical identity of the neutral steroid 
metabolites were based on techniques previously reported (9) and 
included Celite partition chromatography, paper chromatog- 
raphy, crystallization to constant specific activity, and when 
possible, specific enzymatic conversions. The identification of 
4-androstene-3 ,17-dione by its enzymatic conversion to estrone 
without change in specific activity is an example of the latter 
technique. In addition, the enzymatic conversion procedure 
can provide important evidence for the nonidentity of suspected 
metabolites as was demonstrated in the nondigitonide, ketonic 
fraction in pool 5 (see above). The possibility that an unknown 
metabolite was 16a-hydroxyandrostenedione could be excluded 
by failure to convert it to estriol in the placental-aromatizing 
system. 

The amounts of the labeled neutral steroids isolated represents 
a fraction of a percentage of the starting radioactivity (Table 
VII) and much less than the amounts of labeled estrogens and 
cholesterol recovered from the same experiment (9). If these 
compounds are in fact intermediates in estrogen formation, their 
accumulation might or might not be expected depending on the 
relative rates of reaction of the individual steps in estrogen bio- 
synthesis. At the present time, there appears to be a rate- 
limiting series of reactions in the conversion of cholesterol to the 
neutral steroids, inasmuch as cholesterol was formed in 0.3% 
yield and estrogens in 0.02% yield (9) whereas the neutral com- 
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pounds were isolated in much smaller amounts. 
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It is antici. 


pated that a detailed study of the individual steps will provide 
insight into controlling factors which are operative in estrogey 
and progesterone formation by the ovary. 


SUMMARY 


The conversion in vitro of acetate-1-C' to 4-androstene-3, 17. 


dione, 17a-hydroxyprogesterone, dehydroepiandrosterone, and 
pregnenolone by the human ovary has been described. The 
formation of 17a-hydroxypregnenolone and progesterone were 


also suggested by less rigorous identification. 


The criteria for 


radiochemical purity of the individual metabolites were provided 
and the relationship of the formation of these neutral steroid 
metabolites to the biosynthesis of estrogens was outlined. 
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In each of two normal individuals the secretory rate of dehy- 
droisoandrosterone (36-hydroxy-A5-androsten-17-one) was cal- 
culated from the specific activity of the urinary dehydroisoan- 
drosterone isolated after the administration of a tracer dose of 
the isotopically labeled substance. At the same time, an at- 
tempt was made to estimate the production rate of dehydroiso- 
androsterone sulfate by determining its half-life in plasma. 

If the rate of synthesis of dehydroisoandrosterone sulfate is 
equal to the rate of its removal, the daily production of this 
conjugate is given by the product of the miscible pool times the 
turnover rate times 24. The miscible pool was assumed to be 
at least equal to the plasma concentration of the sulfate multi- 
plied by the plasma volume. The turnover rate of the pool in 


hours equals In . The half-life values for the sulfate in these 
; 


two normal individuals was 1.5 hours and 2.1 hours. The 
values for the production rate of the conjugate determined in 
this way were, unexpectedly, 2 to 3 times that obtained for the 
secretory rate of dehydroisoandrosterone as calculated from the 
specific activity of the urinary metabolite. It would seem that 
only a fraction of the ketosteroid is converted into its sulfate 
because only a small proportion of the daily adrenal secretion 
is excreted as the conjugated form in the urine (1). As a result, 
one would expect the production rate of the sulfate to be con- 
siderably smaller than the secretory rate of the free steroid. 

One plausible explanation for this unexpected observation 
would be that dehydroisoandrosterone and its sulfate are in 
equilibrium in the body. Implied in the expression of the rela- 
tionship between ¢, and the turnover rate is the assumption 
that there is no reentry of the isotopic steroid into the pool, a 
prerequisite which is not met if the ketosteroid and its conjugate 
are interconvertible. 

To determine whether dehydroisoandrosterone and dehydro- 
isoandrosterone sulfate are interconvertible, 1 mg of the tritiated 
sulfate (367,000 c.p.m.) was injected into each of three normal 
males. The urinary conjugates from the 4-day urine collections 
were hydrolyzed first by treatment with glucuronidase and then 
by solvolysis. After enzyme hydrolysis, the ethyl acetate-ex- 
tractable steroids were found to contain approximately 15% of 
the injected radioactivity, with androsterone (3a-hydroxyan- 
drostan-17-one) and etiocholanolone (3a-hydroxyetiocholan- 
l7-one) representing the major portion of these fractions. 
These 17-ketosteroid metabolites were isolated by column and 
paper chromatography, purified to constant specific activity, 
and, finally, identified by infrared analysis. In all three experi- 
ments the 17-ketosteroids liberated by glucuronidase were found 


to contain the radioisotope which formerly was incorporated in 
the administered sulfate, thus establishing that dehydroisoan- 
drosterone sulfate was desulfated in vivo. 


EXPERIMENTAL PROCEDURE 


Tritium-labeled potassium dehydroisoandrosterone sulfate was 
prepared from dehydroisoandrosterone-7a-H*® purchased as its 
acetate from the New England Nuclear Corporation. After 
saponification, addition of carrier and recrystallization, the sam- 
ple was converted into its potassium sulfate salt by the pro- 
cedure of Fieser (2). The salt was recrystallized three times 
from methanol to constant specific activity of 2.8 x 10° ¢.p.m. 
per mg (Sample A). 

To test the purity of this sample, 500 ug were dissolved in 50 
ml of water which was then brought to pH 1 with 50% sulfuric 
acid solution. After the addition of 10 g of NaCl, 10-ml por- 
tions of the solution were each extracted with one 50-ml portion 
of ethyl acetate. The organic extract was allowed to stand 
overnight at 37° to effect cleavage of the sulfates (3). The 
solution was washed with 5% NaOH solution and with water 
until neutral. The residue remaining after the evaporation of 
the solvent was purified by chromatography on paper with the 
Bush A system (4). After 8 hours, the paper was examined for 
Zimmermann-reacting material and for radioactive areas. Only 
one m-dinitrobenzene-reacting material was found, and it cor- 
responded in mobility (9 em from the starting line) to that of a 
standard sample of dehydroisoandrosterone which was run si- 
multaneously on an adjoining strip together with a sample of 
isoandrosterone (38-hydroxyandrostan-17-one). The area in 
which isoandrosterone would have been expected to occur was 
not stained by the Zimmermann reagent. The paper strip was 
cut into 2-cm strips and each was examined for tritium. After 
elution with methanol, the residue from each strip was counted 
in a scintillation counter (see below). Radioactivity was found 
only in that area which had reacted positively with the Zimmer- 
mann reagent. The substance eluted from this region exhibited 
an ultraviolet spectrum in sulfuric acid which was identical with 
that of pure dehydroisoandrosterone. Thus the possible pres- 
ence of isoandrosterone, which might have confused subsequent 
interpretation, was eliminated. 

Just before injection, 2 ml of an aqueous solution of Sample A 
(1 mg per ml) was extracted three times with an equal volume 
of ether to remove possible traces of free dehydroisoandrosterone 
which may have been formed by spontaneous hydrolysis on 
standing in aqueous solution (5). The ether extract contained 
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TABLE I 
Radioactivity liberated by enzyme hydrolysis and by solvol- 
ysis of the urine of Subject I. 











Day Enzyme hydrolysis Solvolysis 
ot ; Sik: italien “Fa c.p.m. 
1 20,100 22,300 
2 17,500 15,800 
3 9,600 8,900 
4 7,400 7,200 
Total 54,600 (15%) 54,200 (15%) 


TaBLeE II 


Values are given as counts per minute per microgram and are 
estimated to be correct to +11% assuming the counting to be 
precise to 5% and the Zimmermann chromogen values to 10%. 





Chroma- 
Bush A Savard tographed 
on AlsO; 
Androsterone | 
Sere ee 1.9 1.9 1.9 
a re . : . 
Bubieet TTT... 2... ccccac es 2.4 2.4 a 
Etiocholanolone 
Subsect £.. oo ese. 1.8 3.7 1.8 
Subject II 3.0 2.4 2.8 
1.5 1.8 1.6 


Subject ITI. 


* Sample accidentally lost. 


8% of the counts originally present in the 2 ml of the stock 
solution. 

One milliliter of the extracted aqueous solution containing 
367,000 c.p.m. was injected intravenously into each of three 
normal male subjects. Urine was collected from each subject 
for a period of 4 days. The daily urine specimens were then 
brought to pH 5 with 50% sulfuric acid solution and treated 
with sodium acetate buffer (0.1 m, pH 5). Glucuronidase 
(Ketodase, purchased from Warner-Chilcott Laboratories), 
300,000 units per day, was added and the mixtures incubated for 
4 days at 37°. The glucuronidase-hydrolyzed materials were 
extracted into ethyl acetate. The organic extracts were washed 
with 5% sodium hydroxide solution and with water until neutral 
and then concentrated to dryness. The residues contained those 
steroids whose urinary conjugates were split by glucuronidase. 

The aqueous extracts remaining after extraction with ethyl 
acetate were further hydrolyzed by the solvolysis procedure of 
Burstein and Lieberman (3) for the recovery of those urinary 
steroids excreted as sulfates. The aqueous residues were 
brought to pH 1 with 50% sulfuric acid. Ammonium sulfate 
was added (0.6 g per ml of solution) and this mixture was di- 
vided into five equal parts. Each aliquot was extracted with 
one portion of tetrahydrofuran (freshly distilled over KOH) 
equal in volume to the original solution. The organic extract 
was then made 10-? n with perchloric acid and incubated for 3 
hours at 50°. An excess of ammonium hydroxide was added 
and the tetrahydrofuran removed by vacuum distillation. The 
aqueous residue remaining after removal of the solvent was ex- 
tracted with ether. The ether extract was washed with 5% 
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sodium hydroxide and with water until neutral and then evapo. 
rated to dryness. 
Aliquots of the enzyme- and acid-hydrolyzed fractions of each 


day were taken for radioactive assay and corrected for queneh. | 


ing. Samples were evaporated to dryness in 5-dram vigk 
(Wheaton Glass Company) and dissolved in 5 ml of toluene 
containing 0.3% of 2,5-diphenyloxazole and 0.01% of 1,4-bis 
2-(5-phenyloxazolyl) benzene (Pilot Chemical Company). The 
samples were counted in the Packard Tri-Carb model 314-D¢ 
liquid scintillation counter with the counting chamber set at —2° 
Tritium was assayed at photomultiplier voltage Tap 8 (124 
volts). The efficiency of tritium counting at this setting was 
16 to 20%. The counting was done over a sufficient period of 
time to give a standard error of less than 5%. 


RESULTS AND DISCUSSION 

The daily urinary excretion of the radioactivity liberated by 
the enzyme hydrolysis and solvolysis of the urine of Subject Lis 
representative and is givenin Table I. As is evident, 15% of the 
injected dose appeared in the enzyme-hydrolyzed fraction and 
an equal amount was found in the fraction obtained by solvoly. 
sis. 

The ethyl acetate extracts of the enzyme-hydrolyzed uring 
from days 1 to 4 were combined and one-half of each pool was 
chromatographed on alumina with the gradient elution technique 
of Lakshmanan and Lieberman (6). Each fraction of the chro. 
matogram was analyzed for radioactivity and Zimmermann- 
positive chromogen. Two 17-ketosteroid peaks were isolated 
from each column and they contained the major portion of the 
radioactivity eluted from the column. As determined by the 
Zimmermann analysis, the androsterone fraction contained 1.5 
mg and the etiocholanolone 10 mg. A portion of each crystalline 
compound was further purified by two paper chromatographic 
systems, I, Ligroin C-propylene glycol (7) and II, Ligroin 
C-90% methanol (4). In each instance, the isolated steroid 
migrated at the same rate as the corresponding authentic sample. 
After each chromatogram the specific activity of the isolated 
steroids was determined. Finally, the 17-ketosteroids isolated 
from the second paper chromatogram were rechromatographed 
on 1-g samples of alumina. Elution was carried out in a step- 
wise fashion as follows: 1-ml portions of benzene-ligroin (1:3, 
1:1, and 3:1), benzene, ether-benzene (1:9, 1:4, 2:3, and 3:2). 
Androsterone was eluted by ether-benzene (2:3) and etiocholano- 
lone was eluted by ether-benzene (3:2). Each was further 
identified by its infrared spectrum (in CS). Their specific 
activities were determined by the Zimmermann reaction to 
estimate the weight of the aliquot used for counting. The 
specific activities of the two 17-ketosteroids isolated from the 
three subjects determined after the two paper chromatographic 
analyses and the final chromatographic analysis on alumina are 
recorded in Table IT. 

Inasmuch as it had thus been demonstrated that dehydrois0- 


» 





3 ‘ } 
androsterone sulfate may be converted in vivo to androsterone 


glucuronidate and etiocholanolone glucuronidate, thereby ¢- 
tablishing the equilibrium dehydroisoandrosterone sulfate = 
dehydroisoandrosterone, an effort was made to determine 
whether enzymes in the plasma were responsible for the desulfs- 
tion. To 140 ml of fresk human plasma and also to 140 ml 0! 
0.1 m phosphate buffer (pH 7.4) was added 500 ug (200,000 
c.p.m.) of tritiated dehydroisoandrosterone sulfate. Immedi- 
ately before its use, the sulfate had been extracted with ether 
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to remove possible traces of the free compound. The two mix- 
tures were incubated at 37° with shaking and 10-ml aliquots 
were Withdrawn after 10, 30, and 60 minutes and after incubation 
overnight. Each aliquot was extracted twice with 30 ml of 
methylene chloride. The organic extracts were washed twice 
with water and evaporated to dryness. Although each residue 
contained small amounts of radioactivity, none was associated 
with dehydroisoandrosterone. To each residue was added 200 
ug of unlabeled dehydroisoandrosterone and the mixture chro- 
matographed on 2-cm paper strips for 17 hours according to the 
technique of Savard (7). The Zimmermann-positive areas were 
eluted with methanol and counted. All were found to be devoid 
of radioactivity. 

Although it has been shown (5) that dehydroisoandrosterone 
sulfate in aqueous solution may hydrolyze spontaneously, this is 
known to occur only after standing for long periods of time. 
The above experiment mitigates against such spurious cleavage 
as an explanation of our results in vive. A more likely explana- 
tion would seem to implicate human sulfatases. In contrast to 
the aryl sulfatases, little is known concerning the distribution 
and physiological significance of the steroid alkyl sulfatases. 
Roy (8) has shown the presence of a highly specific steroid alkyl 
sulfatase in ox liver. This enzyme will effect hydrolysis of 
38-sulfates of the 5a- and A5-steroids only, the other isomeric 
3-sulfates being resistant. Although this enzyme has not been 
reported to occur in humans, it is probable that such an enzyme 
system is responsible for the observations reported here. The 
recent report of Twomb y and Levitz (9) has shown that desulfa- 
tin may be general, folr they have demonstrated that estrone 
and estrone sulfate were also interconvertible in vivo. Adminis- 
tration of either isotopically labeled estrone or isotopically 
labeled sodium estrone sulfate led to the excretion of labeled 
urinary estrogens conjugated as both sulfates and glucuronidates. 

Thus the generally accepted notion that sulfates of steroid 
hormone metabolites were excretory products primarily designed 
for rapid elimination is no longer completely accurate. How- 
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ever, the true physiological significance of equilibrium between 
a steroid and its conjugate is, at present, unclear. Because the 
amount of dehydroisoandrosterone sulfate present in the plasma 
of a normal adult has been estimated to be of the order of 5 mg, 
an amount much larger than that of any other known plasma 
steroid or steroid conjugate, the observation reported in this 
paper is especially provocative. 


SUMMARY 


The administration of tritium-labeled potassium dehydroiso- 
androsterone sulfate to normal subjects resulted in the isolation 
of labeled androsterone and etiocholanolone from glucuronidase- 
hydrolyzed urine, thus establishing the equilibrium: 


Dehydroisoandrosterone sulfate = dehydroisoandrosterone 
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Studies on the degradation of animal and human serum anti- 
body type proteins by various proteolytic enzymes have indi- 
cated that molecules of approximately one-half and one-quarter 
the size of the parent 160,000-molecular weight protein may be 
readily formed (1-5). Porter (6) has recently shown that 
rabbit y-globulin is degraded by papain into fragments of the 
above size range and has separated such digests into three dis- 
crete fractions by chromatography on carboxymethyl-cellulose 
columns. 

With papain under conditions in which normal y2-globulins 
(7) are only partially degraded into lower molecular weight frag- 
ments, it has been found that all myeloma serum globulins ex- 
amined are uniformly converted to molecules sedimenting near 
3.5 S. This is in the range of the most commonly reported 
values for Bence-Jones proteins (8). Under analogous condi- 
tions, macroglobulins of the Waldenstrém type (9) are partially 
converted by papain to molecules sedimenting at this rate. 

The present studies are concerned with the properties of the 
products formed in the splitting of several human globulins by 
papain, with special reference to the myeloma proteins. 


EXPERIMENTAL PROCEDURE 


The myeloma and macroglobulinemia proteins and normal 
2-globulins utilized in this work have been described in previous 
reports (7, 10,11). Solutions (1%) of these proteins in pH 5.0, 
0.01 to 0.05 m sodium citrate buffer at 37° were treated with 0.1 
to 1.0% of their weight of 2X crystallized mercuripapain (Nu- 
tritional Biochemicals). No reducing agent was added to “acti- 
vate” the papain. In some cases ethylenediaminetetraacetate 
was used in the incubation mixture at a final concentration of 
1 X 10-*m. The chelating agent was not an obligatory con- 
stituent of the digest but in its absence approximately 5 times 
the usual amount of papain was required. The digestion was 
allowed to proceed for varying periods at 37°, usually overnight 
(14 to 18 hours). Residual macroglobulins in the digests of such 
proteins precipitated upon dialysis against distilled water and 
were removed by centrifugation. The papain digestion products 
of multiple myeloma proteins and normal y2-pseudoglobulins 
usually fail to form insoluble protein on dialysis. 

Electrophoretic and ultracentrifugal analyses were performed 
with the Spinco model H and E apparatuses, respectively. The 
electrophoretic analyses were performed with a 0.1 ionic strength, 
pH 8.6 diethylbarbiturate buffer and were carried out for ap- 
proximately 180 minutes at a potential gradient near 4.5 volts 
em-!. The sedimentation experiments were performed at 
59,780 r.p.m. in 0.2 ionic strength, pH 7.4 potassium phosphate 
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buffer. Chromatographic experiments on 100- to 300-mg sam. 
ples of protein utilized carboxymethyl- and DEAE-cellulose (12) 
columns of 2 X 30 cm. A constant volume gradient elution 
technique was utilized with pH 5.5 sodium or ammonium acetate 
buffer being used over a 0.01 to 0.5 Mm range. 

The protein fractions in the chromatographic effluents were 
recovered by dialysis and lyophilization. Samples were takep 
for determination of moisture, ash, and amino acid composition, 
A low molecular weight papain digestion fraction was examined 
on a column of cross-linked dextran gel as described by Porath 
and Flodin (13). (Sephadex G-25 was obtained from Pharmacia 
Laboratories, Inc., 501 Fifth Avenue, New York 17, N. Y) 
The peptides in this low molecular weight fraction were als 
chromatographed on a 0.9- X 40-em column of Dowex 50-X? 
(14) with a gradient from 0.2 M, pH 3.25, to 1.0 m, pH 5.1, sodium 
citrate buffer. 

Amino acid analyses were performed by ion exchange chro- 
matography (15) with automatic recording equipment (16). 
Analyses for cystine as cysteic acid were made by the procedure 
of Schram et al. (17) on the performic acid-oxidized proteins or 
peptides, with the use of the amino acid analyzer for the deter. 
mination of the cysteic acid. 

The COOH-terminal amino acid determinations were 
made with crystalline carboxypeptidase which had been treated 
with  diisopropylfluorophosphate (Worthington). Approx- 
mately 1 mg of this enzyme was incubated with 100 mg of pn- 
tein for 3 to 8 hours in 0.2 mM, pH 8, ammonium carbonate buffer. 
The experiment was conducted in the dialyzing apparatus of 
Craig, King, and Stracher (18), and the dialysate was concen- 
trated in a rotary evaporator to remove water and salt. The 
amino acids in the residue were determined with the automatic 
equipment. 

Sulfhydryl determinations were carried out by the spectro- 
photometric method of Boyer (19). Determinations of cysteine 
were carried out by reaction with iodoacetic acid at pH 9 in 8s 
urea or 0.2 m sodium lauryl sulfonate, and with iodoacetamide 
in 6 M guanidinium chloride, followed by chromatographic 
measurement of carboxymethyleysteine, under the conditions 





described by Cole et al. (20) for studies on hemoglobin. 


RESULTS 

¥2-Globulin—Digestion of this protein with 1% of its weight 
of papain leads to the formation of a series of degradation prod- | 
ucts. An ultracentrifuge diagram, which is shown as part of 
Fig. 1, reveals that the major portions of these proteins stil | 
sedimented at their original rate, i.e. 6.58. Prolonged digestion 
does not change the ratio of the components formed. In order 
to inhibit any further action of papain after digestion had been 
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SEDIMENTATION 
ELECTROPHORESIS | 
UNDIGESTED 
PAPAIN DIGESTED 
PAPAIN DIGESTED AND 
REDUCED WITH 0.01_M 
a_i n ) 
0-mg sam. 
tuloee (19 at 2 ee 35 65S 
at ek MOBILITY x 10° Cm* VOLT ™ SEC. SS 
um acetate Fria. 1. The electrophoretic and ultracentrifugal diagrams of normal and papain-digested human y2-globulin. 
uents were | carried out for the desired length of time, iodoacetamide was SEDIMENTATION 
vere take, | added to the digestion mixture to a concentration of 0.02 m and UNDIGESTED 
mposition, | the PH was adjusted to 7.5 to 8.0. After a 1- to 2-hour incuba- ELECTROPHORESIS 
s examinej | tion at 37°, the mixture was dialyzed against several changes of 
by Porath | distilled water for 12 to 24 hours and the solution was then | NATIVE 
Pharmacis | lyophilized. Upon treatment of a 1% solution of the digested e 
17, N. Y) |} material (without removal of papain) with 0.01 m 2-mercapto- | 
. were alg} ethanol in 0.2 ionic strength, pH 7.4 potassium phosphate buffer, 
wex 50-X2| essentially all of the protein was converted to molecules sedi- 
5 i menting near 3.5 S (see Fig. 1). A similar result has been ob- 
| tained ‘ith pepsin-digested rabbit y-globulin by Nisonoff et al. aan nemesis 
ange chro-| (21). Removal of the mercaptan by dialysis did not lead to any 
ment (16). reaggregation of the smaller protein units as has been noted in 
e procedure | the case of sulfhydryl-produced fragments “" es (11). i i ae 
eins or | Treatment of the native y2-globulin with the mercaptan alone Hs i 565 S 
a ‘sab effected no discernible size change. Our results on the hydroly- MOBILITY x10°Cm2 voit!sec-! 39 
sis of normal y-globulin by papain and the chemical and bio- Fig. 2. The electrophoretic and ultracentrifugal diagrams of a 
ions were | logical properties (22) of the fragments produced are in keeping ™yeloma protein and its papain digestion products. 
een treatel | with those of Franklin (23) and of Hsiao and Putnam (24), when 
Approx: | somewhat similar conditions of digestion were used. ELECTROPHORESIS SEDIMENTATION 
) mg of pro- Proteins Isolated from Pathological Sera—A study of six serum ‘ 
nate buffer, | myeloma proteins indicated that they were split by papain much 
pparatus of | more readily than normal y-globulins. Ultracentrifugal dia- NATIVE 
was concen- | grams showing the course of the digestion of a typical myeloina 
1 salt. The} protein with only 0.1% of its weight of mercuripapain (with € ie 
e automatic | ethylenediaminetetraacetate, 1 < 10-* Mm) are presented as part | 65 32 
of Fig. 2. A rapid conversion of molecules of 6.5 S to 3.5 S 
the spectro-| wits is indicated. The amount of nonprotein nitrogen formed WATER SOLUBLE ;—> 
s of cysteine in this process is near 1.5% of the protein nitrogen in the system proton pv war ie 
pH 9 in 8x when all of the 6.5 S material has been converted to 3.5 S type 
doacetamide | Molecules. The nonprotein nitrogen liberated does not seem to 
matographic | consist entirely of peptide material and efforts are being made to as 
e conditions | scertain its content of various type carbohydrates. Qualita- ae i ae 
bin. tively, this fraction gives positive tests for hexose, glucosamine, MOBILITY x 10° Cm? vor™ sec”! 
and fucose. 


Fia. 3. The electrophoretic and ultracentrifugal diagrams of a 
Electrophoretic and ultracentrifuge diagrams of the water- Waldenstrém macroglobulin and the water-soluble portions of its 


— soluble portion of the papain digest of a Waldenstrém macro- P®#pain digestion products. 

of its Weg’ | globulin are shown in Fig. 3. Different experiments with the 

dation iy! same or different macroglobulins show that variable amounts of  S are digested with papain, all of the protein is converted to 3.5 
a as pe : material sedimenting between 6.5 and 12 S are produced along S material. Treatment with mercaptans of the 3.5 S protein 
protene . "| with the 3.5 S units. The results presented in Fig. 3 are fora units formed through the action of papain on macroglobulins 
ged gi macroglobulin which formed a relatively large amount of water- does not result in a further breakdown to lower molecular weight 
d. In 7 , soluble material sedimenting above 3.5 S. components. 

ion had bee When sulfhydryl-dissociated macroglobulin components of 6.5 Chromatography of the various globulins and their papain di- 
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Fic. 4. The chromatograms of 100 to 150 mg of myeloma protei 
papain digestion products, on carboxymethyl-cellulose. All exp 


70 


n (I), macroglobulin (JZ), and y2-pseudoglobulin (JZJ), and their 
eriments used 2 X 30 em columns. The constant volume mixing 


flask contained 125 ml of pH 5.5, 0.05 m sodium acetate buffer; the buffer added was 0.5 m. 


gestion products on carboxymethyl-cellulose gave the results 
shown in Fig. 4. In every papain digestion experiment, an acidic 
fragment designated A is eliminated with the hold-up volume. 
Its molecular weight seems to be below 5000 because it dialyzes 
readily and fails to form a sedimenting boundary at 2.5 x 10° 
times gravity in the ultracentrifuge. The decreased electro- 
phoretic mobility at pH 8.6 of some of the papain digestion 
products as compared with the parent molecule is understandable 
in terms of loss of this acidic fragment. 

Chromatograms of a myeloma protein and its papain digestion 
products are shown as part of Fig. 47. The papain digestion 
fragments of various myeloma proteins show differences in 
electrophoretic and chromatographic properties even though 
they all are cleaved uniformly to molecules sedimenting near 3.5 
S and the low molecular weight A fraction. Component B of 
the myeloma chromatogram at times crystallizes readily when 
solutions of it are brought to pH 5.5 to 6.0 and dialyzed against 
distilled water in the cold. A photomicrograph of such material 
is shown in Fig. 5. Detailed physical studies of Component C 
showed that it had a sedimentation constant of 3.35 S at zero 
protein concentration and Dsy,,, = 9.04 K 10-7 em? sec". With 
a partial specific volume of 0.74, a molecular weight near 34,000 
is calculated. 

The presence of several electrophoretic components in the 
papain digests of the myeloma globulins probably indicates that 


the 3.5 S units vary either in their amino acid composition or 
their carbohydrate content or both. The amount of carbohy- 
drate in myeloma proteins seems to be related to the isoelectric 
point (25, 26). The same considerations would apply to the 
y-globulin and macroglobulin digestion products which show 
different charge properties. 

Carbohydrate analyses of two multiple myeloma protein 
systems, by the anthrone method (27), revealed that the lower 
isoelectric point B fraction of the papain digest of those serum 
proteins contained from 10 to 20 times more carbohydrate than 
the more basic protein (Component C). The results are shown 
in Table I. The RH system is the same as that referred to in 
Figs. 2 and 4. The myeloma protein, RA, gave papain digest 
products similar to those obtained with the RH protein. The 
A fraction of the chromatogram shown in Fig. 4J contains about 
3% of the anthrone-reacting material of the parent globulin. 

Immunochemical studies of the papain digest Fractions B and 
C of the above systems or of similar fractions from other globu- 
lins indicate that these molecules are antigenically distinct (22, 
23, 28). 

It was of interest to determine whether the rate of formation 
of Component A could be correlated with the rate of conversion 
of the native 6.5 S protein to 3.58 material. A 1% solution of the 


RH myeloma protein was digested at 37° with 0.1% of its weight | 
of papain at pH 5 in the presence of ethylenediaminetetraacetate | 
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(1 x 10 *M). One-milliliter samples of the digest were removed 
at various times and passed through a 0.6- X 8-cm carboxy- 
methyl-cellulose column previously equilibrated with pH 5.5, 
0.05 m sodium acetate buffer. The digest sample was washed 
through the column with the same buffer until 10 ml of effluent 
had been collected. Under these conditions the acidic A frac- 
tion comes through in the hold-up volume but the 3.5 S fractions 
are held up on the column. The latter was completely eluted 
by passing 1.0 mM NaCl over the column and collecting an addi- 
tional 10 ml of effluent. The amounts of the acidic A fraction 
and 3.5 5 material were determined in terms of the absorbancies 
of the two eluates at 280 mu. The relative amounts of the A 
fraction released with time of digestion are shown in Fig. 6 and 
can be seen to be correlated with the rate of appearance of the 
3.5 S component shown in the sedimentation experiment re- 
ported in Fig. 2. The major portion of the acidic fragment is 
released in 6 to 8 hours of papain digestion and, concurrently, 
most of the 6.5 S material is converted to 3.5 S units. 

Depicting concentrations of chromatographic components in 
terms of absorption at 280 my is misleading. The acidic frag- 
ments formed in the early stages of the papain digestion process, 
which are eliminated with the hold-up volumes in the chromato- 
grams shown in Fig. 4, give an ultraviolet absorption of the type 
shown in Fig. 7. The materials studied are the acidic (A) and 
a mixture of the B and C fractions obtained in the digestion time 
experiment shown in Fig. 6. The absorption characteristics of 
the B and C fractions can be seen to show the typical protein 
absorption maximum near 280 mu. 

The electrophoretic analysis of the water-soluble portions of 
the papain-digested macroglobulin shown in Fig. 3 likewise 
indicate that a series of differently charged protein molecules is 
formed. The chromatographic separation of this material is 
shown in Fig. 4/7 and is in agreement with the electrophoretic 
result. Eluting immediately after the acidic Component A were 
two minor components labeled B and C. These three fractions 
were of molecular weight of less than 5000, whereas the remaining 
material sedimented as 3.5 or 10.8 S components or mixtures of 
these. The low solubility of the native macroglobulin in pH 
5.5, 0.01 m acetic buffer is evidenced in Fig. 4/7 by the small 
peak eluted after the application of 25 ml of a saturated solution 
of the native protein to the column. The chromatographic 
separation of a papain-digested y2-globulin that was also reduced 
with mercaptoethanol after digestion is shown in Fig. 4/77. An 
acidic A fraction is again seen and several other components are 
also resolved. The native protein shows a single chromato- 
graphie component. 

Properties of Fraction A—When lyophilized Fraction A ma- 
terial from myeloma protein (Fig. 47) was taken up in a small 
volume of 10% acetic acid and passed over a column of Sephadex 
G-25 which had been equilibrated with the acetic acid solution, 
the main 280 mu-absorbing peak emerged just before and over- 
lapped the sodium acetate peak; the latter could be detected by 
the rise in pH of the eluent. Thus, Fraction A consists of ma- 
terial that diffuses into Sephadex nearly as rapidly as the inor- 
ganic salt. 

The Fraction A material was further examined by rechromato- 
graphing it on DEAE-cellulose in pH 5.5 acetate buffer. The 
result (Fig. 8) shows the material to be heterogeneous. The 
complexity of the mixture was further established by chromatog- 
taphy on a 0.9- X 40-em column of Dowex 50-X2, which showed 
the presence of at least fifteen peptides. Hsiao and Putnam 
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Fic. 5. A photomicrograph of crystalline papain digestion 
Component B from myeloma protein RH. (magnification, 425 X) 


TABLE I 


Hexose content of two series of proteins and derivatives 
from patients with multiple myeloma 





Hexose* 

Protein fraction — 
RH | RA 

se eemee ee ss = 
PSP A OUININE 6d ice nd Sek Biv ecanesehbcidels 0.76 1.0 
Bence-Jones protein: .. ... < ... <2 sci sn 0.43 0.18 
Whole papain digest of serum globulin.... 0.91 1.26 

Papain digest 

WOME EE SS 5. css eee oS re tee Oa 2.53 2.74 
mae Gs. 5 6 Suc Ree ee 0.13 0.30 





* Anthrone method (27). 


(24) have also noted the release of peptides during the cleavage 
of y-globulins by papain. 

Amino Acid Compositions of Products from Myeloma Protein— 
The results of amino acid analyses of the parent protein and 
Fractions A, B, and C are given in Table II. The A fraction 
contains only 2.2% of the total residues, and the fraction is, for 
example, richer in phenylalanine and lower in lysine than the 
native protein. Fractions B and C account for 28 and 65% of 
the starting product. The two fractions differ noticeably in 
amino acid composition; the B fraction contains relatively smaller 
amounts of alanine and glycine, in particular, and a larger pro- 
portion of methionine. 

Studies on the sulfhydryl groups of the materials have failed 
to show the formation of any carboxymethyleysteine when the 
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ned with — buffered silica gel column. Only the dinitropheny] derivative TasLe III 
Xplained, — of glutamic acid was found in the ether-soluble fraction and the Release of amino acids from multiple myeloma protein and its 
the form [| ¢lysine derivative in the aqueous-soluble portion. An average papain digestion products by carboxrypeptidase* 
’ heating — of nearly 2 N-terminal glutamic acid residues per 160,000 g of ~~ ; ; 
| hour | protein was found in both the parent material and in an equiva- ae | ee ee 
ce. The [ Jent amount of the B plus C fractions. No new N-terminal a | io | wee 
cysteine — groups were found in the latter fraction. Investigation of protein , 
Lat pH 9, N-terminal amino acids by a hydantoin method (32) also re- : 
followed yealed no differences between native protein and the B plus C Serine . REE pe RIPEN INES ees 0.96 | 3.06 
Le —— ; Z ROPING 5 avicysiaisl yore Spe Re ee 0.60 1.54 
es of car papain digest fractions. Hsiao and Putnam (24) have found Loses 0.40 0.94 
* value of J new N-terminal amino acids appearing in the 3.5S fragments janine. ..........................| 0.34 | 0.90 
produced by the action of sulfhydryl-activated papainon normal ‘Threonine............................ 0.17. | 1.92 
the ap- human y-globulin. This subject requires further study. We i ee | 1.66 
B and C Analysis for COOH-terminal groups, on the other hand, Aspartic...................2....0.005. | 0.76 
> Bande indicated differences (Table III). The B and C components : 
then hy- | liberated more amino acids in the given time. The results can * 4-hours incubation at 37°. 
f Sanger | be interpreted either as reflecting the presence of new COOH- 
iyl amino | terminal end groups or a greater availability of the chains origi- Tests made in the course of the present studies have shown 
d by the | nally present. that, under the conditions used to digest serum globulins, mer- 
er-soluble Previous studies on the COOH-terminal residues of human curipapain had from 0.5 to 1.0% of the activity of fully activated 


‘aphed on y-globulin by hydrazinolysis (33) have indicated serine and papain towards benzoylarginine amide. This indicates that 
glycine to be predominant residues. Traces of alanine, threo- limited proteolysis of the myeloma proteins could take place. 
nine, and glutamic acid were found. Carboxypeptidase released However, the data of Fig. 6 show that, when the conversion of 
ond i serine, glycine, leucine, and valine with smaller amounts of as- myeloma protein to 3.5 S units is complete, no further formation 
dents partic acid, glutamic acid, threonine, alanine, and lysine. Com- of the peptide fraction takes place. This is not indicative of a 
parison of these results with those in Table III indicates similari- small amount of protease acting on a large amount of substrate. 
ties between the myeloma protein studied in this work and The possibility that sulfhydryl groups in the globulins could 
Total human y-globulin Fraction IT. activate the papain was investigated. The slight cleavage of 
. ae benzoylarginine amide by mercuripapain in the absence of reduc- 
tC DISCUSSION ing agent was not augmented by the presence of the myeloma 

Certain serum globulins found in elevated amounts in path- Protein. Kimmel and Smith (37) have reported that mercuri- 
ological conditions are cleaved by papain to units of nearly 35,000 _ Papain is inactive for synthetic substrates and that Versene alone 
molecular weight more readily than normal y-globulins. This id not cause an activation. 


ht 


()) 92 
4) 92 


| a has also been noted by Hsiao and Putnam (24) for some myeloma Mercuripapain is known to cleave thioesters near pH 5 with- 
2) 101 globulins. A cleavage to similar size molecules by combinations Ut special activation (38) and one might consider whether 
6) | 100 of (a) urea and reducing agents (34), (b) pepsin and reducing hydrolysis of a thioester, or perhaps a thioacetal or thioglycoside, 
2) | %6 agents (21), and (c) reducing agents and mild acid conditions ™ight be taking place. Such a reaction remains a possibility 
5) | 98 (35) suggests the possibility that bonds other than or in addition but the attempts to demonstrate such linkages of cysteine were 
9) | 9% to peptide are cleaved by papain. One would normally expect negative. 

4)! 9 papain, as a proteolytic enzyme, to effect a degradative reaction Studies of the 3.5 S fragments obtained, both with papain 
0); # by means of hydrolysis of peptide bonds. Several features of 2nd nonproteolytic methods (34, 35), would be essential before 
%) pe the experiments on the myeloma protein support the view that W® could conclude that papain and reducing agents might be 
“4 s such is the case in this instance. The low molecular weight frac- capable of splitting the same bonds in the myeloma proteins. 
me o4 tion, consisting as it does of small peptides, may contain new The 3.5 S units produced by the action of papain on macroglobu- 
2 | NH,-terminal residues that apparently are liberated by pro- _ lins undergo no further degradation on treatment with mercap- 
6) | of teolytic action. The 3.5 S units, in turn, seem to have new tans. This may indicate that in this case the bonds cleaved by 
6) | 90 COOH-terminal residues. This result may indicate that four Papain are identical with those split by reduction and acidifica- 


5) | 98 3.5 S units may be attached through their COOH-terminal _ tion (pH 4 to 4.5) of the macroglobulin. 

sections to some central connecting core in the macromolecule. 

The analytical results for N-terminal amino acids in a variety of saeeeeanl 

myeloma proteins do not support this view in the majority of Normal y-globulins, myeloma, and macroglobulinemic serum 
ei. the cases. From one to five N-terminal groups per mole have been _ proteins may be degraded by papain to molecules of molecular 
; reported (36). This is not consistent with a molecule made up _- weight near 35,000. In each instance there is also split off a low 
B fraction of four subunits. molecular weight peptide fraction in small yield (2 to 3%). 
ucosamine Although mercuripapain catalyzes the cleavage of globulins The three chromatographically separated fractions of a papain 
; detected without any deliberate activation of the enzyme by reducing digest of myeloma protein have been subjected to more detailed 
agents, the addition of Versene (the disodium salt of ethylene- study and compared with the parent molecule. The two 35,000 
e acid hy- diaminetetraacetic acid) does increase the rate of splitting. The molecular weight fractions show differences in carbohydrate and 
a result of use of cysteine-activated papain, however, markedly increases amino acid composition. When the two products are compared 
slated to 4 the rate. Confirmatory results have been reported by Hsiao with the original myeloma globulin, there is evidence for new or 
and Putnam (24). more readily available carboxyl-terminal groups, but no evidence 


7) (96) 
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for new amino-terminal residues. The liberation of a peptide 
fraction which contains at least fifteen peptides suggests that 
these account for new amino-terminal groups. 
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The enzyme, pyrocatechase, isolated and partially purified 
from anthranilate-adapted cells of a pseudomonad, was shown to 
catalyze the oxidative cleavage of the aromatic ring of catechol 
to cis,cis-muconic acid (1). Subsequently, through the use of 
08 and H,O, the two oxygen atoms incorporated across the 
double bond between the two hydroxyl groups were shown to be 
derived from atmospheric oxygen (2). Similarly, protocate- 
chuic acid (3,4-dihydroxybenzoic acid) was oxygenated and 
cleaved between the two hydroxyl groups by protocatechuic acid 
oxidase from a pseudomonad (3) and Neurospora crassa (4) to 
form B-carboxymuconic acid. These early observations have 
led to the general concept that cleavage of the aromatic ring at 
the C—C bond between two hydroxyl groups represents the 
major, if not sole, mechanism by which such catechol derivatives 
are transformed into aliphatic compounds. 

During the studies on the bacterial oxidation of kynurenic acid, 
however, 7,8-dihydroxykynurenic acid was shown to be con- 
verted enzymatically to 5-(y-carboxy-y-oxopropeny])-4 , 6-di- 
hydroxypicolinic acid.' Unlike the cleavage catalyzed by 
pyrocatechase and protocatechuic acid oxidase, the fission of the 
catechol structure in the latter case took place at the C—C bond 
adjacent to the orthophenol group. This finding prompted us to 
investigate the possibility that a simple catechol could be cleaved 
by asimilar mechanism. A new oxygenase, metapyrocatechase, 
has now been isolated and partially purified from a pseudomonad ; 
this enzyme cleaves the aromatic ring of catechol at the bond 
adjacent to that attacked by pyrocatechase, and thus validates 
the hypothesis. While the present investigation was in progress, 
Dagley and Stopher announced in preliminary reports that they 
had isolated a soil bacterium which oxidized catechol but did not 
metabolize cis ,cis-muconic acid (5, 6). They suggested that the 
cleavage occurred in the C—C bond adjacent to the carbon 
carrying a hydroxyl group and hypothesized a-hydroxymuconic 
semialdehyde as the possible primary product of the reaction. 
This paper will describe the preparation and properties of par- 
tially purified metapyrocatechase and characterize the reaction 
catalyzed by it. 


EXPERIMENTAL PROCEDURE 


Chemicals—Catechol and cresols were purchased from E. 
Merck. AG. Darmstadt, Germany. p-Chloromercuribenzoate, 


*This investigation was supported in part by research grants 
from the National Institutes of Health (C-4222), the Rockefeller 
Foundation, the Jane Coffin Childs Memorial Fund for Medical 
Research and a Scientific Research Fund from the Ministry of 
Education of Japan. 

‘This result was announced at the 44th Annual Meeting of the 
Federation of American Societies for Experimental Biology in 
Chicago, April, 1960. 


o-phenanthroline, a,a’-dipyridyl and metal salts were ob- 
tained from Fisher Scientific Company. We are indebted to 
Prof. M. Nakajima of Kyoto University for samples of gallic 
acid and chlorogenic acid. All other chemicals were reagent 
grade chemicals from commercial sources. 

Biological Materials—Enrichment culture was carried out as 
described previously (7) with o-, m-, and p-cresol, catechol, or 
benzene as a sole source of carbon. Pseudomonas sp. OC1, which 
was isolated locally from soil with o-cresol as a major carbon 
source, was used throughout the present work. About 12 strains 
were isolated but the majority of the organisms were found to 
have a metabolic pathway involving cis ,cis-muconic acid. Only 
one strain, OC1, was found to cleave catechol by another mech- 
anism. This strain is an aerobic, Gram-negative rod, measuring 
about 1 to 3 uw in length and 0.3 uw in width. It possesses polar 
flagella and is actively motile and nonacidfast and does not form 
spores. It was, therefore, tentatively identified as belonging to 
genus Pseudomonas. 

Enzyme Assay—The activity of metapyrocatechase may be 
assayed either spectrophotometrically by the increase in optical 
density at 375 my or manometrically by the determination of 
oxygen uptake. For routine assays, the spectrophotometric 
method was performed in a Beckman model DU spectropho- 
tometer. The assay system contained 1.0 umole of catechol, 
300 umoles of potassium phosphate buffer (pH 7.5), and a suita- 
ble amount of enzyme, in a total volume of 3.0 ml, in a cuvette 
with a 1-cm light path. Incubation was at 23°. Readings were 
taken at intervals of 30 seconds for 4 minutes at 375 my. At 
this wave length, catechol does not show appreciable absorption. 
Under these conditions, the rate of the reaction was propor- 
tional to the amount of enzyme (Fig. 1). When desired, oxygen 
consumption was measured by the conventional Warburg 
method. 

One unit of enzyme was defined as that amount which caused 
an optical density increase of 0.110 per minute at 375 muy at 23°. 
Since the molar extinction coefficient of the product was ap- 
proximately 3.3 < 10‘ under these conditions, one unit of enzyme 
activity corresponded to the oxidation of 0.01 umole of catechol 
per minute. Specific activity was defined as the number of en- 
zyme units per mg of protein. Protein was measured by the 
phenol method of Lowry et al. (8), and crystalline bovine serum 
albumin was used as a protein standard. 

Determinations—Catechol was measured by ultraviolet ab- 
sorption at 275 my (molar extinction coefficient, 2.3 x 10%) or 
by enzymatic use of pyrocatechase. Pyrocatechase was par- 
tially purified from the tryptophan-adapted cells of Pseudomonas 
fluorescens (ATCC 11250) through Step D as described pre- 
viously (2). The reaction product which was assumed to be a- 
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Fic. 1. Effect of enzyme concentration on the activity of puri- 
fied metapyrocatechase at pH 7.5. The ordinate shows the in- 
crease in absorbancy at 375 my per minute. Standard assay con- 
ditions were used. 





TABLE [ 


Purification of metapyrocatechase 


Specific 


Fraction * Volume Protein activity Yield 
ml mg/ml — ng Qq 
A. Sonic extract ....| 40.0 11.8 14 
B. First ammonium sulfate 
fraction (0.25-0.40 satu- 
ration). 40.0 2.95 38 67.8 


C. Alumina gel Cy treatment. 
D. Calcium phosphate gel 
treatment ; 
E. Second ammonium sul- 
fate fraction (0.30-0.40 
saturation) 


40.0 0.35 148 31.5 


20.0 0.35 186 19. 


10.0 0.28 | 234 9.8 


hydroxymuconic semialdehyde, was estimated either spectropho- 
tometrically (see below) or manometrically by decarboxylation 
with ceric sulfate (9). In the main chamber was placed a suita- 
ble amount of the reaction product in a total volume of 1.8 
ml, and 0.2 ml of 5 M ceric sulfate in 2 N H.SO, was added from 
the side arm. The production of carbon dioxide was measured 
for 30 minutes at 30°. Titration was carried out with the aid 
of a pH-stat, Radiometer, Copenhagen. Melting point was 
measured with Yanagimoto micromelting point apparatus. 


RESULTS 


Purification of Metapyrocatechase 


Conditions—Pseudomonas sp. OC1 was 
° 


Growth grown for 
about 17 hours at 25° with vigorous aeration in a medium con- 
taining 0.07% o-cresol, 0.15% KHe2PO., 0.05% KH2POs, 0.5% 
NH,Cl, 0.1% Difco yeast extract, and 0.02% MgS0,-7H,0. 
Approximately 1.7 g of wet cells were obtained from 1 liter of the 
medium. Cells were harvested with the aid of a Sharples 
centrifuge and washed twice with 0.85% KCl solution. If not 
immediately extracted, they were frozen and stored at —10° as, 
under this condition, little loss of activity was observed over a 
period of at least 10 days. All subsequent steps in extraction 
and purification were carried out at about 3° unless otherwise 
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specified. Inasmuch as this enzyme was extremely sensitive to 
oxygen and easily inactivated as described later, the buffer soly. 
tions and the gels used had been saturated with nitrogen gas, and 
all operations were carried out in an atmosphere of nitrogen as 
far as possible. The enzyme was stored at —10° in Thunberg 
tubes filled with nitrogen gas. 

Crude Extracts—Washed cells, 4 g, were suspended in 40 ml of 
0.05 m potassium phosphate buffer, pH 7.5, and subjected to 
sonic oscillation in a Kubota model 10 KC sonic oscillator for 19 
minutes. The supernatant fluid was separated from the residue 
by centrifugation at 8000 x g for 10 minutes (Fraction A). 

First Ammonium Sulfate Fractionation—To 40 ml of Fraction 
A were added 5.77 g of ammonium sulfate, and the precipitate 
was discarded by centrifugation. The supernatant fluid was 
treated with 3.73 g of ammonium sulfate, and the resulting pre. 
cipitate was collected by centrifugation and dissolved in 40 ml of 
nitrogen-saturated 10-$ m potassium phosphate buffer, pH 7.0 
(Fraction B). 

Aluminum Hydroxide Cy Gel Treatment—To 40 ml of Frac- 
tion B, 40 ml of aluminum hydroxide Cy gel (10) (aged about 1 
year, approximately 18.9 mg of dry matter per ml) were added 
dropwise with constant mechanical stirring. After 30 minutes 
at 0° under the nitrogen gas, the gel was collected by centri- 
fugation and elution was carried out with 40 ml of 0.02  potas- 
sium phosphate buffer, pH 7.0, in two portions (Fraction C). 

Treatment with Calcium Phosphate Gel—Fraction C, 40 ml, was 
treated with 24 ml of calcium phosphate gel (10) (aged about 1 
year, about 24.6 mg of dry matter per ml). After being allowed 
to stand at 0° for 30 minutes under nitrogen, the gel was cen- 
trifuged and the supernatant fluid was removed. The activity 
was eluted twice with 10 ml of 0.05 m potassium phosphate buf- 
fer, pH 7.5 (Fraction D). 

Second Ammonium Sulfate Fractionation—To 20 ml of Frae- 
tion D, 3.52 g of ammonium sulfate were added and the pre- 
cipitate was discarded by centrifugation. On further addition 
of 1.24 g of ammonium sulfate to the supernatant solution, the 
precipitate was collected and dissolved in 10 ml of 0.05 m potas- 
sium phosphate buffer, pH 7.5 (Fraction E). The enzyme was 
purified about 17-fold with the over-all yield of 9.8% (Table J). 


Experiments with Crude Extracts 


The change of ultraviolet absorption after addition of the 
crude cell-free extracts to catechol was recorded with a recording 
spectrophotometer. As shown in Fig. 2, catechol, which ex- 
hibits maximal. absorbancy at 275 mu, was degraded with the 
concomitant formation of a yellow substance with maximal ab- 
sorption at 375 mu. On further incubation, this new peak at 
375 mu disappeared gradually with fading of the deep yellow 
color. During the incubation, formation of cis,cis-muconic acid 
was not detectable as judged by absorption at 260 mp. cis, cis- 
Muconic acid and phenol were not metabolized by this enzyme 
preparation. The formation of the yellow compound was ob- 
served only aerobically, but the degradation of the latter could 
occur anaerobically. Manometric experiments indicated that | 
mole of oxygen was consumed per mole of catechol utilized, but 
there was no CO, production during the entire reaction. It was 
evident from these observations that the reaction catalyzed by 
the new catechol-cleaving enzyme was different from that cata- 
lyzed by the previously described pyrocatechase. 





pur 
sto 


Tes 


5, No.8 


Sitive to 
ffer solu. 
gas, and 
Trogen ag 
Thunberg 


40 ml of 
jected to 
or for 10 
e residue 
nA), 

Fraction 
recipitate 
uid was 
ting pre- 
1 40 ml of 
, pH 70 


of Frac- 
1 about 1 
re added 
) minutes 
yy centri- 
; M potas- 
ion C). 
0 ml, was 
1 about | 
g allowed 
was cen- 
2 activity 
hate buf- 


of Frae- 
the pre- 
- addition 
ition, the 
) M potas- 
zyme was 


(Table J). 


yn of the 
recording 
which ex- 
with the 
ximal ab- 
v peak at 
ep yellow 
conic acid 

cis, cis- 
is enzyme 





1 was ob- | 


tter could 
ted that | 
lized, but 
1. It was 
alyzed by 
that cata- 


August 1961 


Experiments with Purified Enzyme Preparation 


The most purified enzyme preparation was completely free 
from the enzyme which catalyzed further degradation of the 
yellow compound inasmuch as the absorbancy at 375 my did not 
decrease during further incubation. With such an enzyme 
preparation, the stoichiometry of the reaction was determined 
spectrophotometrically and also by a manometric procedure 
(Table II). A parallel experiment using an automatic titrator 
revealed that during the incubation approximately one equiva- 
lent of a proton-releasing group was produced at pH 7.5. These 
results indicated that for each mole of catechol utilized, a 
stoichiometric amount of a-keto acid was produced concomitant 
with the uptake of an equivalent amount of oxygen. 


Properties of Metapyrocatechase 


Stability—Metapyrocatechase, either in crude extracts or 
purified, was unstable, especially in the presence of air. Even 
stored at 0°, the enzyme (Fraction C) was inactivated to about 
30% of its original activity after 4 hours. In an attempt to 
stabilize the enzyme, the effect of adding a considerable number 
of substances known to stabilize other enzymes or expected to 
prevent the inactivation was tested. The addition of various 
concentrations of glutathione, cysteine, mercaptoethanol, 
BAL? EDTA, NaS, NaSOs, NaeS.03, benzaldehyde, hydro- 
quinone, albumin, and o-cresol to the enzyme preparation did 
not prevent inactivation. The alteration of ionic strength or 
enzyme concentration was ineffective. The enzyme was most 
stable at pH 7 to 8 (Fig. 3). The instability was finally traced 
to the presence of oxygen, one of the substrates of this enzymes 
After 2 days of storage in a Thunberg tube evacuated and filled 
with nitrogen gas or in an open tube at 2°, the enzyme activity 
became 84% in the former case and about 6% in air. Typical 
results are shown in Fig. 4. When the enzyme was stored under 
nitrogen gas at —10°, approximately 72% of the original activity 
remained after 1 week. 

Influence of pH and Substrate Concentration—The maximal 
activity was observed at pH 7.5 (Fig. 3). It was difficult to 
determine the Michaelis constant accurately because meta- 
pyrocatechase has a high affinity for catechol. The K,, value 
for catechol was estimated to be approximately 0.5 « 10-° m 
from the Lineweaver-Burk plot (11) (Fig. 5). The concentra- 
tion of oxygen at which catechol was oxidized at half its maximal 
rate, the Michaelis constant for oxygen, was measured to be on 
the order of 10-5 m by the method of Longmuir (12) with the aid 
of a vibrating platinum oxygen electrode. 

Cofactor Requirement—The addition of the boiled extracts (in 
concentrations up to 10%), yeast extract (1%), ascorbic acid 
(10-* m), mercaptoethanol (10-? m), ferrous ion (3.3 x 10-4 m) 
and the mixtures of these substances, and metal ions such as 
Cot+, Mn++, Cut+, Cr+++, Znt+, Nit++, Cd++, Cat+, and ferric 
ion in concentration of 10-4 m to the purified enzyme prepara- 
tion did not influence the rate of the reaction. When the enzyme 
was dialyzed at 4° against distilled water, about 43 and 31% of 
the original activity remained after 2 and 4 hours, respectively. 
The dialyzed enzyme was unaffected by the addition of the 
substances described above. 

Effects of Inhibitors—The results of inhibition experiments are 


*The abbreviations used are: BAL, 2,3-dimercaptopropanol ; 
EDTA, ethylenediaminetetraacetic acid. 
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Fig. 2. Changes of absorption during the over-all reaction. 
Reaction mixture contained, in a total volume of 3.0 ml, 1.2 mg 
of cell-free extracts (Fraction A), 1.5 ml of 0.2 m potassium phos- 


(mp ) 


phate buffer, pH 7.5, and 0.1 ml of 0.01 m catechol. The reaction 
was performed at 23°. Recordings were taken in a Shimadzu re- 
cording spectrophotometer 30 seconds (/), 10 minutes (2), 90 min- 
utes (3), 3 hours (4), and 4 hours (6) after the reaction was initi- 
ated by the addition of the enzyme. 


TABLE II 
Stoichiometry of reaction 


Each manometric flask contained in a total volume of 2.0 ml., 
200 wmoles of potassium phosphate buffer, pH 7.5, 0.28 mg of en- 
zyme protein (Fraction E), and 10 umoles of catechol. Reaction 
was terminated by heating at 90° for 2 minutes, and the reaction 
mixture was centrifuged. A 1.0 ml aliquot of the supernatant 
solution was decarboxylated in a Warburg flask with 0.2 ml of 5 
M ceric sulfate in 2 N H2SO,. For the determination of catechol, 
0.66 mg of pyrocatechase was added to a 0.1 ml aliquot of the reac- 
tion mixture and 2.9 ml of potassium phosphate buffer, pH 7.5, in 
a final concentration of 0.1 mM in a Beckman 3 ml cuvette. The 
amount of catechol was calculated from the molar extinction co- 
efficient of cis,cis-muconic acid. 
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Experiment II 





shown in Table III. Metal-binding agents including KCN, 
a,a’-dipyridyl, o-phenanthroline, and BAL, as well as p-chloro- 
mercuribenzoate, at various concentrations, and cupric ion at 
10-° m did not show appreciable inhibition. The enzyme was 
inhibited by 10-5 m Hgt++ and Ag*+ ions. The inhibition 
caused by Hgt+ and Ag*++ was almost completely reversed by the 
addition of 10-" m mercaptoethanol. 

Substrate Specificity—The enzyme appears to be specific for 
catechol. Of a number of orthodiphenolic compounds tested, 
only catechol was oxygenated at an appreciable rate. The 
compounds tested included protocatechuic acid, 3,4-dihydroxy- 
phenylalanine, pyrogallol, 2,3-dihydroxybenzoic acid, gallic acid, 
and chlorogenic acid. 

Isolation of Reaction Product—To isolate an amount of pure 
reaction product sufficient for identification, a large scale in- 
cubation was carried out as follows: 300 ml of a reaction mixture 
containing 8.4 mg of the purified enzyme protein (Fraction E), 














AOD. / min 








ACTIVITY (%) 





0) m= © 
40 50 60 70 80 9, 


PH 

Fig. 3. Effect of pH on the activity and the stability of meta- 
pyrocatechase. , effect of pH on the activity of the enzyme. 
The reaction mixture contained 1.0 umole of catechol, 300 umoles 
of buffer, and 20 ug of enzyme protein (Fraction E) in a total vol- 
ume of 3.0 ml. @——®, potassium phosphate; ™j——, Tris- 
HCl; and A——A, citrate buffer. ----, effect of pH on the 
stability of the enzyme. Enzyme (Fraction E), 1 ml, was diluted 
with 1 ml of each buffer, 0.1 mM, and was kept in an open test tube. 
After 5 hours at 0°, the activity of enzyme was determined. The 
assay system contained, in a tetal volume of 3.0 ml, 1.5 ml of 1 
M potassium phosphate buffer, pH 7.5, 0.1 ml of 0.01 m catechol, 
and 20 ug of the stored enzyme protein. O——O, stored in po- 
tassium phosphate buffer; 0, in Tris-HC1 buffer; and A, in citrate 
buffer. 
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Fic. 4. Inactivation of metapyrocatechase in the presence of 
oxygen. Enzyme preparation (Fraction E), 1.0 ml, was placed in 
a Thunberg tube (diameter; 2.2 cm) filled with air, oxygen, or 
nitrogen gas and was stored at 2°. After 3, 6, 12, 24, and 48 hours, 
activity was measured spectrophotometrically with the standard 
assay system. @, in nitrogen gas; A, in air; and , in pure oxy- 
gen. 


30 ml of 1 mM potassium phosphate buffer, pH 7.5, and 500 umoles 
of catechol (55.1 mg) were incubated at 30° with shaking. A 
0.03 ml aliquot of the incubation mixture was removed 
and diluted with 2.97 ml of 0.1 Mm potassium phosphate 
buffer, pH 7.5, and the optical density was determined at 375 
my. When the increase in absorbancy at 375 my reached the 
theoretical value (about 0.55) the reaction was terminated by the 
addition of metaphosphoric acid (final concentration, 5%) to the 
incubation mixture and the precipitate was discarded by cen- 
trifugation. 

From the supernatant solution the product was extracted five 


Metapyrocatechase 
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times with a total volume of 1000 ml of ether. The ether layer 
was collected, concentrated in a rotating evaporator at 10°, and 
then dried in a vacuum over P20;. The reddish yellow residue 
thus obtained was dissolved in 40 ml of ethanol, and the insoluble 
material was discarded by centrifugation. The clear superna- 
tant solution was concentrated to about 0.5 ml, and the insoluble 
residue formed was again dissolved in 5.5 ml of acetone. The 
acetone solution was concentrated, and the precipitate was re- 
crystallized from ethyl acetate and further from ethanol. Ap- 
proximately 6 mg of crystalline material were obtained. 

Properties of Reaction Product—The crystalline product was in 
the form of yellow needles and melted at 140° with decomposi- 
tion. Elemental analysis was as follows: 

CeH6O. 
Calculated: C 50.71, H 4.26 
Found: C 50.22, H 4.37 

The spectra of this compound are shown in Fig. 6. In the solu- 
tion of 0.2 m potassium phosphate buffer, pH 7.5, the maximal 
absorbancy was at 375 my. The entire absorption curve 
scarcely changed within the pH range of 7.5 to 13.0. Under 
acidic conditions, the maximal absorbancy was shifted to 320 
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Fic. 5. Effect of substrate concentration on the rate of reac- 
tion. The reaction mixture contained, in a total volume of 3.0 
ml, 300 umoles of phosphate buffer, pH 7.5, 28 wg of Fraction E, 
and catechol as indicated. 


TaBLeE III 
Inhibition experiments 
The assay system contained 300 ymoles of phosphate buffer, 
pH 7.5, 16 ug of Fraction E, 1.0 umole of catechol, and inhibitors 
as indicated, in a total volume of 3.0ml. Optical density change 
at 375 mu was determined for 3 minutes. 
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mu, suggesting tautometric change of keto and enol forms. The 
infrared spectrum is shown in Fig. 7; this is consistent with the 
proposed structure, a-hydroxymuconic semialdehyde. From 
the titration curve, this reaction product was a monobasic acid 
witha pK, at2.4. The aldehyde reactions, such as Schiff’s (13), 
Tollen’s (14) and Benedict’s (15) reactions and the reaction of 
9,4-dinitrophenylhydrazine (16) were all positive. 


DISCUSSION 


Theoretically, four types of oxidative ring cleavage of catechol 
are possible as indicated in the following schema. 


eH i 
- (1) 
(-) OH COOH 


‘Qe - a — 


OHC 
G OH OHC eH (3) 
7 On \ OH 
eS OHC~ SoH “ 
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Reaction 1 is catalyzed by pyrocatechase with the formation 
of cis ,cis-muconic acid that has a maximal absorbancy at 260 mu. 
Inasmuch as no appreciable change of absorbancy at 260 my was 
observed during the incubation and cis ,cis-muconic acid was not 
decomposed by the crude extract, strain OC1 does not seem to 
use a metabolic pathway involving Reaction 1. The results of 
titration experiments together with the titration curve of the 
isolated product indicated that the primary reaction product 
was a monobasic acid, which is inconsistent with the proposed 
structure of the products of Reactions 3 and 4. These results, 
together with the fact that the product is readily decarboxylated 
by ceric sulfate, are consistent with the structure shown in Reac- 
tion 2. Although final identification awaits comparison with a 
synthetic material, all the available evidence presented in this 
paper is compatible with the idea that metapyrocatechase cata- 
lyzes Reaction 2, producing a-hydroxymuconic semialdehyde. 

Both pyrocatechase and metapyrocatechase exhibit similar 
properties with respect to optimal pH, K,, values for the sub- 
strate and substrate specificity. Although both enzymes are 
inhibited by SH-inhibitors, metapyrocatechase was much less 
sensitive to the SH-binding agents. For example, at a concen- 
tration of 10-* m for p-chloromercuribenzoate, CuSO,, AgCl. and 
HgClo, pyrocatechase was inhibited by 77, 69, 100, and 96% re- 
spectively, whereas metapyrocatechase was not inhibited by p- 
chloromercuribenzoate or CuSO, at this concentration and was 
inhibited by AgCl, and HgCl, by 99.1 and 62.0%, respectively. 
On the other hand, metapyrocatechase was much more sensitive 
to oxygen, but inactivation by oxygen can not be avoided by the 
addition of SH compounds. It appears that this extreme in- 
stability of metapyrocatechase towards oxygen may be due to 
some oxygen sensitive properties other than a sulfhydryl] group in 
the protein molecule. The extreme sensitivity of metapyrocate- 
chase to oxygen makes it extremely difficult to purify this enzyme 
even under nitrogen, whereas pyrocatechase, which is relatively 
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Fic. 6. Spectra of the reaction product, a-hydroxymuconic 
semialdehyde. , absorption spectra in 0.2 Mm potassium phos- 
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Fic. 7. Infrared absorption spectrum of the reaction product, 
a-hydroxymuconic semialdehyde, was made with suspensions in 
Nujol with the aid of a Hitachi infrared spectrophotometer. We 
are indebted to Mr. Machida, Kyoto University, Faculty of 
Pharmacy, for these measurements. 


stable, could be purified about 134-fold with an over-all yield of 
12.6% (2). 

Although experiments with O.'* and H.0# have not been car- 
ried out, it is reasonable to conjecture that the two oxygen atoms 
incorporated into the substrate molecule are both derived from 
atmospheric oxygen as in the case of other phenolytic oxygenases 


(2). 


SUMMARY 


1. Metapyrocatechase, a new catechol-cleaving enzyme, was 
purified about 17-fold from cell-free extracts of a strain of 
Pseudomonas. This enzyme catalyzed the oxygenation of cate- 
chol to a-hydroxymuconic semialdehyde. 

2. Optimal pH of this enzyme was 7.5 and Michaelis constant 
for catechol was calculated to be 0.6 X 10-§ mM. No inhibition 
was observed with p-chloromercuribenzoate and metal-binding 
agents but about 62 and 99% inhibition were observed with 
10-' m Ag++ and Hgt+ ions, respectively. The requirement for 
cofactors has not been detected. The enzyme is extremely 
sensitive to oxygen and is easily inactivated in the presence of air. 
Similarities and differences of the properties between pyrocate- 
chase and metapyrocatechase were discussed. 
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Previous communications from this laboratory have described 
the isolation of carbamyl phosphate synthetase from frog liver 
(1) and have presented evidence bearing on the question of the 
homogeneity of this preparation (1, 2). All efforts to date have 
failed to provide evidence for resolution of this preparation into 
more than one enzymatically active component even though 
the stoichiometry of the reaction catalyzed by it suggests that 
more than one step is involved (3). The data presented in this 
report on the physical properties of this preparation support 
the conclusion that it is a single enzyme which is at least 85 to 
90% pure. 

Also included in this communication are the results of a 
study of the binding of adenosine triphosphate and acetylglu- 
tamic acid by the technique of equilibrium dialysis; data on the 
effect of K+ on the kineties of the reactions catalyzed by the 
enzyme; a consideration of the role of Mg**; observations on 
the protection of the enzyme by acetylglutamic acid from in- 
hibition by p-hydroxymercuribenzoate; and the effect of prein- 
cubation of the enzyme with acetylglutamic acid. 


EXPERIMENTAL PROCEDURE 


Protein was determined by the method of Lowry et al. (4) 
with a carbamyl phosphate synthetase preparation of known 
nitrogen content as a standard. Citrulline was determined by 
the method of Archibald (5). Pi was measured by the procedure 
of Dryer et al. (6). Except where indicated the assay for enzyme 
activity was the same as that used previously (1). Crystalline 
pyruvate kinase and HMB! were purchased from the Sigma 
Chemical Company. 

Preparation of Carbamyl Phosphate Synthetase—Carbamyl! 
phosphate synthetase was isolated from frog liver by the pro- 
cedure described in a previous publication (1) with the modifi- 
cation that the protein was precipitated from the P-cellulose 
column eluate by the addition of acetone to 40% concentration 
(volume for volume) rather than by the addition of ammonium 
sulfate. This precipitate was then dissolved in the buffer used 
for the subsequent chromatography on DEAE-cellulose and 
chromatographed immediately without the preliminary dialysis 
which had been necessary to remove the ammonium sulfate. 
In the case of the preparations used in the electrophoresis ex- 

* This study was supported in part by grants from the National 
Cancer Institute, National Institutes of Health, United States 


Public Health Service (No. C-3571); and the Wisconsin Alumni 
Research Foundation. 


{ Aided by a scholarship from the John and Mary R. Markle 
Foundation. 


‘The abbreviation used is: HMB, hydroxymercuribenzoate. 


periments the protein in the eluate from the DEAE-cellulose 
column was precipitated twice with 1.8 M ammonium sulfate. 
Although this step did not result in a significant increase in the 
specific activity, it did remove an enzyme which catalyzed the 
exchange of ADP® with several nucleoside triphosphates. 

Electrophoresis and Ultracentrifugation—The electrophoretic 
experiments were carried out in a Spinco model H instrument. 
Because there was frequently some loss of activity on prolonged 
dialysis the enzyme was equilibrated with the buffer used for 
electrophoresis by means of a column of Sephadex G-25 (7). 

The sedimentation constant was determined in a double sector 
cell in the Spinco model E analytical ultracentrifuge. The pro- 
tein was dissolved in a buffer containing 0.1 m KCl-0.005 m 
imidazole-HCl, pH 6.5. The experiments were conducted at 
3-6°. 

The molecular weight was determined by the method of 
Archibald, according to the directions of Schachman (8), on three 
different preparations. One was dissolved in 0.125 m Tris-HCl, 
pH 7.5, one in 0.10 m KCI-0.005 m imidazole: HCl, pH 6.5, and 
one in the latter buffer to which 0.02 m mercaptoethanol had been 
added. The temperature ranged from 4-6°. 

Nitrogen was determined on a preparation of the enzyme 
which had been dialyzed exhaustively against water, lyophilized, 
and then dried to constant weight over P.O; in a vacuum. 

Preparation of AT P?*—ATP® was synthesized from ADP and 
H;P”0, according to the method of Lowenstein (9). The 
aqueous layer, after removal of the pyridine with ether, was 
applied to a 1- X 9-cm column of Ecteola-cellulose (10) which 
had been converted to the formate form with triethylamine 
formate, 0.5 M with respect to formate, pH 4.5, then washed with 
water. The ATP was eluted with a gradient of formate formed 
with a mixing chamber containing 125 ml of water and a reser- 
voir of 0.5 m triethylamine formate, pH 4.5. -ATP appeared 
from 84 to 106 ml. The triethylamine formate was removed 
by lyophilization. This system separates ATP from ADP, 
P;, and pyrophosphate. 

Preparation of D- and t-1-C'*-Acetylglutamic acid—p.-1-C*- 
glutamic acid (36 uwmoles), 5.5 we per umole, purchased from 
Nuclear-Chicago Corporation, was diluted with 24 ywmoles of 
nonradioactive DL-glutamie acid. pu-Acetylglutamic acid was 
synthesized from this as follows. The glutamic acid, suspended 
in 0.15 ml of H,O, was shaken at room temperature, first with 
2 ml of acetic anhydride and then with 2 ml of H.O until only 
one phase was present. The solution was lyophilized to remove 
the acetic acid. The residue was dissolved in water and ad- 
justed to pH 6 with NaOH. The unreacted glutamic acid was 
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left. Analyses were carried out at 52,640 r.p.m. 
graphs were taken at a bar angle of 70° and the last at 60°. 


separated from the acetylglutamic acid by chromatography on 
a 0.64- X 16-cm column of Dowex 2-formate, 200 to 400 mesh. 
The column was developed with a gradient of formic acid formed 
with a mixing chamber containing 100 ml of water and a reser- 
voir of 4 N formic acid. The fractions containing the DL-acetyl- 
glutamic acid were lyophilized and the residue was assayed 
enzymatically for L-acetylglutamic acid; 49 wmoles of DL-acetyl- 
glutamic acid were recovered. 

The medium for the assay of L-acetylglutamic acid contained 
the following constituents: 5 umoles each of L-ornithine, ATP, 
phosphoenolpyruvate, and MnS0O,; 50 wmoles each of glycyl- 
glycine, pH 7.5, and NH,HCO; saturated with CO2; 25 units of 
ornithine transcarbamylase (11); 20 wg of crystalline pyruvate 
kinase; 2 units of carbamyl phosphate synthetase and acetyl- 
glutamic acid in a volume of 1.0 ml. The mixture was incu- 
bated for 15 minutes at 37° and then analyzed for citrulline. A 
standard curve, run simultaneously, was linear from 0.025 to 
0.10 umole of L-acetylglutamic acid. Mn** was used in place 
of Mg** because it reduced the K,, for acetylglutamate and, 
therefore, allowed the assay to be conducted at lower concen- 
trations. p-Acetylglutamate was neither active nor inhibitory 
when present in 20-fold excess over the L-acetylglutamate. 

The p.L-acetylglutamic acid was resolved by hydrolysis with 
hog kidney acylase I (12). The hydrolysis was carried out in 
0.05 m sodium acetate, pH 5.8, containing 10-° Mm CoCl: (13, 14) 
Sufficient acylase was added to hydrolyze 
the L-acetylglutamate in 1 hour at 37°. Less than 3% of the 
L-acetylglutamate was still present after 1 hour. The hydroly- 
sate was chromatographed, without removal of the protein, on 


na volume of 5 ml. 


Dowex 2-formate, as described above, to separate the L-glutamic 
acid from the p-acetylglutamic acid. The fractions containing 
the t-glutamic were lyophilized and the residue was analyzed for 
glutamic acid by the method of Moore and Stein (15); 18 umoles 
of u-glutamic acid were recovered. The fractions containing the 
p-acetylglutamic acid were also lyophilized. This preparation 
contained less than 2% L-acetylglutamic acid. 

The L-glutamic acid was acetylated by the method described 
above and purified chromatographically. The preparation con- 
tained 9 umoles of L-acetylglutamic acid, measured enzymati- 
cally, and 10 wmoles when it was analyzed for glutamic acid 
after a preliminary hydrolysis in 2.5 m HCl for 2 hours at 100°. 
This discrepancy may represent partial racemization of the 
glutamic acid during the lyophilization or of the acetylglutamic 
acid during the acetylation (16). 


RESULTS 


Criteria of Purity of Enzyme—It had previously been estab- 
blished that chromatographically (1) and immunochemically 
(2) the preparation of frog carbamyl phosphate synthetase be- 
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Ultracentrifugal patterns of a 0.74% solution of frog carbamyl phosphate synthetase. 
The photographs were taken at 
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Sedimentation is from right to 
16-minute intervals. The first three photo- 


haved as a single protein and that the protein was the enzyme, 
The protein sedimented as a single boundary in the ultracentri- 
fuge (see Fig. 1) with an se, of 11.2, and there was no signifi- 
cant effect of concentration in the range from 0.7 to 0.25% pro- 
tein. Electrophoretic analyses have been performed at pH 
5.0, 6.2, and 8.0. Even when the enzyme was equilibrated 
with the buffer by means of a column of Sephadex there wag 
usually some loss in activity which could not be prevented 
by the addition of mercaptoethanol. At pH 5.0, some pro- 
tein was denatured and precipitated, although in the particu- 
lar experiment shown in Fig. 2 there was only a 6% decline 
in the specific activity of the portion which remained in solution, 
At pH 7.9 it was apparent that the peak was not symmetrical 
but only at pH 5.0 was the resolution adequate to allow an 
estimate of the amount of the minor component, which ranged 
from 7 to 13%. The two components were separated by moy- 
ing boundary electrophoresis at pH 5.0 and assayed for enzy- 
matic activity. Only the major component contained activity, 
However, it is possible that the minor component represented 
denatured enzyme. In any case the preparation contained 85 
to 90% active enzyme. The mobilities of the main component, 
averaged from the ascending and descending sides, are given in 
Table I. By interpolation of this data one obtains an isoelec- 
tric point of pH 6.5. 

The enzyme contained 16.3% nitrogen. The specific volume 
of a 1.182% solution was 0.740 ml per g. The three molecular 
weight determinations described in ‘Experimental Procedure” 
gave values of 314,800 + 6,200, 317,500 + 7,300, and 311,900 
+ 5,400, respectively. These give an average value of 315,000. 
From this molecular weight and a maximal specific activity of 
40 units per mg, one can calculate a turnover number of 840 
moles of carbamy! phosphate synthesized per mole of enzyme 
per minute. 

Binding of ATP—The enzyme preparation was considered to 
be sufficiently pure to permit its use in studying the binding of 
ATP by the technique of equilibrium dialysis. In general, 
radioactivity was used as a measure of the ATP concentration, 
but at the highest concentrations, where the ATP could also 
be determined from the optical density at 259 my, the same re- 
sults were obtained. There was no binding in the absence of 4 
divalent cation and the extent of the binding increased with the 
Mg** concentration up to at least 5 x 10-* m MgCl, (see Table 
II). This is about the concentration at which a plateau is 
because the amount bound at 10 x 10-3 mM MgCl, and 5 x 10°* 
ATP in the experiment recorded in Fig. 3 is less than 10% greater. 
Although in the electrophoretic experiments dialysis often led to 
some loss in activity, in this particular experiment the specific ac- 
tivity, which was originally 36 units per mg, had only decreased 


to 33 in each case. A requirement for Mg*+ in excess of that re 
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quired to form a complex with ATP is also apparent in the effect 
of Mg*~ concentration on the activity of the enzyme (see Table 


Il). 











Fic. 2. Electrophoretic patterns of frog carbamyl phosphate 
synthetase. Vop. In Tris-HCl, 0.05 m with respect to Cl; + 
0.005 m MgCls, pH 7.88; 356 minutes at a field strength of 4.6 volts 
em'. The peak at the left is the ascending boundary which has 
migrated from left to right toward the anode; that on the right is 
the descending boundary. There was a slight leak which accounts 
for the displacement of the salt boundary from the starting bound- 
ary. Middle. Descending boundary in sodium acetate, 0.05 m 
with respect to Nat, + 0.005 m MgClo, pH 4.94; 315 minutes at a 
field strength of 7.0 volts em. The starting boundary is at the 
right. The protein has migrated toward the cathode. Bottom. 
Ascending boundary of the same experiment as that shown in 
middle picture. The starting boundary is at the left. 
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TaBLeE [| 
Electrophoretic mobilities of frog carbamyl phosphate synthetase 


Bufier pH Mobility 

cm? volt™! sec K 10° 
Sodium acetate 4.97 +2.73 
Sodium cacodylate 6.18 +0.31 
Tris-HCl 8.0 —2.72 


TaBLeE II 


Effect of (Mg**) and acetylglutamate on binding of ATP 

A solution (1.0 ml) containing approximately 0.08 umole of 
carbamyl phosphate synthetase, MgCl, ATP*? (4.8  10-° m) 
and Tris-HCl, pH 7.5, to give the desired (Mg**) and (Cl-) was 
dialyzed for 20 hours at 4° with shaking against 100 to 200 ml of a 
solution of the same composition but without the enzyme. The 
exact concentration of the enzyme was determined when the di- 
alysis was terminated. After dialysis both the dialysate and the 
protein solution were diluted with 4 volumes of water, and 0.5 
ml aliquots were dried on copper planchets. 
counted in duplicate. 
320 ¢.p.m. 


Each sample was 
The aliquots from the dialysate coatained 
The bound ATP was calculated from the difference 
between the counts on the two sides of the membrane and the 
known specific activity of the ATP®. 


(Mg**) (Cl-) (Acetylglutamate) | Amount of ATP bound 
wx 10 v nn | etic ster 
5 0.1 0.18 
10 0.1 0.25 
50 0.11 0.55 
50 0.03 L- 5 0.36 
50 0.03 p- 5 0.66 


It can be seen from Fig. 3 that the enzyme was saturated by 
a lower concentration of ATP in the presence of Mn++ than with 
Mg*+. In the former case the enzyme was found experimentally 
to be saturated by 1 mole of ATP per mole of enzyme, and in 
the presence of Mg**, also, the data extrapolated to a maximum 
of 1 mole bound. With Mn*++, the dissociation constants of 
the enzyme-ATP complex calculated from the data decreased 
from 2.3 X 10-5 m at 5 X 10-° m ATP to 0.60 X< 10-° m at 
2.5 x 10->m ATP. With Mg*+, the drift was much less, and 
a reasonably constant value of 4.0 X 10-°M could be calculated. 

L-Acetylglutamate, compared with p-acetylglutamate as a 
control, decreased the binding of ATP (see Table IT). 

Binding of Acetylglutamic Acid—If the K,, for acetylgluta- 
mate, which is 1.3 X 10° M, is a measure of the dissociation of 
an enzyme-acetylglutamate complex, then one would expect it 
to be experimentally difficult to measure the binding of acetyl- 
glutamate because even at rather high concentrations of enzyme 
and rather low acetylglutamate concentrations the amount of 
the latter bound would be only a small fraction of the total 
present. Nevertheless, inasmuch as even a qualitative result 
would be of value in determining whether the enzyme is capable 
of interacting with acetylglutamate in the absence of other sub- 
strates, an experiment similar to that just described with ATP 
was performed. 

It is customary in measurements of binding by equilibrium 
dialysis to adjust the ionic strength to 0.1 to 0.2 in order to 
minimize concentration differences due to the Donnan effect. 
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TaBLeE III 

Effect of (Mg**) on activity of carbamyl phosphate synthetase 

L-Ornithine, 10 umoles; Tris-HCl, pH 7.6, 100 umoles; Tris- 
HCO; saturated with COs, 50 umoles; KCl, 20 umoles; NH,Cl, 20 
umoles; Tris-acetylglutamate, 4 umoles; ornithine transcarbamyl- 
ase, 25 units; carbamyl phosphate synthetase, 0.23 unit, were in- 
cubated in a volume of 2.0 ml with varying concentrations of ATP 
and Mg** for 15 minutes at 37°. The reaction was stopped by 
addition of 1.0 ml of 1 N HCIO, and the protein removed by cen- 
trifugation. A 2.0 ml aliquot was analyzed for citrulline by the 
method of Koritz and Cohen (17). 

The concentrations of the different ionic species were calculated 
with the following dissociation constants: Kugarp? = 5.5 X 104 
mM?! (18) and Kgare = 1.12 X 10°77 m (19). The subscript T de- 
notes the total concentration of all species. 


Citrulline 








ATP)r* (Mg)tT* | (MgATP-2)*| (ATP~‘)* Mg**)* synthesized 
vaste xX 102 - 
10.0 20.0 10.0 10.0 6.05 
10.0 12.5 9.87 0.068 2.63 4.95 
10.0 10.0 9.51 0.35 0.49 3.75 
10.0 9.0 8.84 1.00 0.16 2.40 
<.6 17.5 7.50 10.0 5.88 
7.5 10.0 7.45 "0.053 2.55 §.12 
7.5 7.5 7.12 0.34 0.38 3.20 
5.0 15.0 5.00 10.0 5.40 
5.0 7.5 4.95 0.035 2.55 5.00 
5.0 5.0 4.68 0.26 0.32 2.20 
5.0 2.5 2.48 1.90 0.025 0.20 
2.5 12.5 2.50 10.0 4.85 
2.6 5. 2.49 0.018 2.5 4.05 
2.5 2.5 2.27 0.18 0.23 1.12 
* All values are X 10° M. 
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Fic. 3. Binding of ATP by carbamyl phosphate synthetase. 
The experimental details are the same as for Table I, except that 
either 0.01 m MgCl. or 0.005 m MnCl, were used, the ATP concen- 
tration was varied, and the Tris-HCl buffer had T/2 = 0.089. 
The ATP® was diluted with nonradioactive ATP so that the 
total number of counts was the same in each sample. @, MgCl. 
present; O, MnCl, present. 


But evidence to be presented subsequently had suggested that 
an ionic strength of 0.1 would inhibit the binding; therefore the 
dialysis was carried out in Tris-HCl, ['/2 = 0.02, and p-acetyl- 
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TaBLeE IV 
Binding of acetylglutamate 

Approximately 25 mg of carbamyl phosphate synthetase in 1,9 
ml of Tris-HCl, pH 7.5, 1/2, 0.02 was dialyzed for 20 hours at 6° 
with shaking in 25 ml of 4 X 10-° M radioactive p- or L-acetylglu- 
tamate in the same buffer. At the termination of the dialysis the 
protein solution was diluted with 25 volumes of water and the 
dialyzing medium with 25 volumes of a 0.10% protein solution, 
The diluted solutions (0.5 ml) were plated on glass cover slips, 
Five samples of each were counted alternately three times to 10: 
counts. The difference between the average counts per minute 
inside and outside the dialysis sac for each set was calculated 
and also the standard deviation of the difference. The three 
values from the three sets of counts were then averaged. The 
concentration of carbamyl phosphate synthetase was determined 
after dialysis. There was a 10% loss in activity during the 


experiment. 
sa: Counts Acetylgluta- | Acetylglutamate 
Additions bound mate bound 
, c.p.m./pmole | mole/mole carbamyl 
c.p.m. xX 106 phosphate synthetase 
L-Acetylglutamate 105 + 21 2.34 0.029 
p-Acetylglutamate -§ + l4 2.34 None 
L-Acetylglutamate + 5 X 
10-? m MnCl. 394 + 15 2.03 0.120 


p-Acetylglutamate + 5 X 

10-§ m MnCl, 268 + 39 2.12 0.087 
glutamate, which was neither inhibitory nor enzymatically 
active, was used as a control to estimate the distribution due to 
the Donnan effect. It can be seen from Table IV that there 
was a significantly greater number of counts on the protein side 
of the membrane with L- but not with p-acetylglutamate. The 
error of the determination was large, but one can calculate that 
approximately 0.03 mole were bound per mole of carbamy! 
phosphate synthetase at a concentration of 4 x 10-®° M L-acetyl- 
glutamate and an enzyme concentration of 7.9 * 10-° mM. In 
the presence of Mn**, which decreased the K,, for acetylgluta- 
mate, there was a difference in the concentration of D- as well as 
L-acetylglutamate between the protein compartment and the 
dialyzing medium. However, the difference between the values 
for the amount of the p and L isomers bound gives a value for 
bound t-acetylglutamate that is about the same as in the ab- 
sence of Mn**, 

Effects of K* 
in the medium had no effect on the binding of either acetyl- 
glutamate or ATP. On the other hand, K+, as compared with 
Nat, increased the apparent affinity of the enzyme for its sub- 


The nature of the monovalent cation present 


strates as measured by the synthesis of carbamyl phosphate. 
However, the effect of K* was apparent only at low concentra- 
tions of NH,* (see Fig. 4) probably because NH,* functioned as 
a substitute for K* as well as a substrate. Inasmuch as the 
effects of K+ could only be studied at low concentrations of 
NH,*, the more sensitive method of Koritz and Cohen (17) was 
used for the determination of citrulline so that initial rates of 
synthesis could be measured. 

It is apparent from Fig. 4 that carbamyl! phosphate synthetase 
is more active at low concentrations of NH,* in the presence 
than in the absence of K+. In the former case,? the Kp for 

? Caravaca and Grisolia (21) report a value of 7.1 X 10-4 M for 


the K,, for ammonia although they do not indicate that K* was 
present in their medium. 
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NH;* is 2.3 X 10-3 M; in the latter case the data do not fit a 
Lineweaver-Burk plot. The same general effect of K* on the 
activity of the enzyme was observed (see Figs. 5 and 6) when 
the concentration of ATP and acetylglutamate were varied. A 
value for the K,, for ATP can again be determined only in the 
presence of K*; in this case, the K, has a value of 4.8 x 10-4 
u. For acetylglutamate, the K,, is 1.1 X 10-4 m with K* and 
1.2 X 10-3 m without it. 

Carbamyl phosphate synthetase catalyzes the release of phos- 
phate from ATP in the presence of several amines other than 
NH;. Grisolia and Marshall (20) observed this reaction with 
NH;OH with the enzyme from rat liver; and, using the enzyme 
from frog liver, Caravaca and Grisolia (21) have reported on 
the same reaction in more detail. Although they did not indi- 
cate that their medium contained K*, it can be seen from our 
data in Table V that K* is essential. Grisolia and Cohen (22) 
also reported that CH;NHb2 was a substrate, but this result 
could not be repeated with the frog enzyme. With CH;O0N Hp, 
in the absence of ornithine, a heat-labile phosphate compound 
was formed (see Table VI) and, in the presence of ornithine 
and ornithine transcarbamylase, a compound chromogenic in 
the analytical procedure for citrulline was synthesized (see 
Table V). If this latter compound is assumed to be chromo- 
genically equivalent to citrulline, then the ratio of P; formed to 
the citrulline analogue formed was 2, which is the same ratio 
that has been found with NH; as substrate (24). With CHs;- 
ONH; it seemed clear, therefore, that the CH;0N He analogue of 
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Fic. 4. The effect of K+ on the apparent affinity of carbamy] 
phosphate for NH,+. ATP, 10 umoles; MgSO,, 30 umoles; acetyl- 
glutamate, 10 umoles; ornithine, 10 umoles; glycylglycine, pH 7.5, 
10 umoles; ornithine transcarbamylase, 50 units; NaHCO; satu- 
rated with CO2, 100 umoles; KCl or NaCl, 50 umoles; and carbamy] 
phosphate synthetase, 0.3 to 1.2 units, were incubated with vary- 
Ing amounts of (NH,)2SO, in a total volume of 2.0 ml at 37°. The 
reaction was stopped by adding 1.0 ml of 1 n HCI, and a 2.0 ml 
aliquot was analyzed for citrulline. Three levels of enzyme were 
used at each concentration of NH;* to ensure that the initial rate 
was being measured. The length of the incubation was varied so 
that the same aliquot would contain a measurable amount of 
citrulline in all the samples. The values plotted have been cor- 
tected to the amount of citrulline synthesized per ml by 0.3 unit 
of enzyme in 16 minutes. O, with K+; @, with Nat. 
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Fig. 5. The effect of K* on the apparent affinity of carbamyl 
phosphate synthetase for ATP. MgSO,, 30 umoles; acetylgluta- 
mate, 10 umoles; ornithine, 10 wmoles; glycylglycine, pH 7.5, 100 
umoles; ornithine transcarbamylase, 50 units; NaHCO; saturated 
with CO2, 100 umoles; KCl or NaCl, 50 wmoles; (NH4)2SO,, 2 
umoles; phosphoenolpyruvate, 10 umoles; pyruvate kinase dia- 
lyzed against 0.02 m Tris-HCl, pH 7.5, 20 ug; and 0.4 to 1.0 units of 
carbamyl phosphate synthetase when K* was present, and 6 to 
15 units when Na* was present,.were incubated with varying 
amounts of ATP in a volume of 2.0 ml for 16 minutes at 37°. The 
rest of the procedure was the same as that described in the legend 
to Fig. 3. The values plotted have been corrected to the amount 
of citrulline synthesized per milliliter in 16 minutes by 0.5 unit of 


























enzyme with K* present and by 5.55 units with Na*. O, with K*; 
@, with Na*. 
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Fia. 6. (left) Effect of K* on the apparent affinity of carbamy 
phosphate synthetase for acetylglutamate. The incubation sys- 
tem and the procedure were the same as those described in the le- 
gend to Fig. 4 except that the ATP regenerating system was 
omitted; 5 umoles of ATP were added, and the acetylglutamate 
concentration was varied. The values plotted have been cor- 
rected to the amount of citrulline synthesized per milliliter in 16 
minutes by 0.5 unit of enzyme with K* present and by 7.5 units 
with Nat. O, with Kt; @, with Nat. 

Fig. 7. (right) Measurement of the reactive SH groups of car- 
bamyl] phosphate synthetase. HMB (0.1 ml of 1.24 X 10-3 m) was 
added to 3.0 ml of a solution of carbamyl! phosphate synthetase in 
0.02 m Tris-HCl, pH 7.5. The optical density was followed until it 
leveled off. The optical density due to the protein and that due 
to HMB were subtracted from the final reading. The number of 
SH groups reacting with the HMB was calculated on the basis of 
the extinction coefficient given by Boyer (28). 


carbamyl phosphate was being synthesized. There was no 
evidence for the presence of the corresponding analogues of 
NH-.OH or NH.NH: although the amount of P; released was 
the same for all three amines. Either the NH.OH and NH:NH, 
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TABLE V 
Effect of K* on reaction of carbamyl phosphate 
synthetase with various amines 

Glycylglycine, 50 umoles; MgSO,, 15 umoles; acetylglutamate, 
5 umoles; ATP, 5 umoles; NaHCO; saturated with COs, 50 umoles; 
L-ornithine, 5 umoles; KCl or NaCl, 50 umoles; ornithine trans- 
carbamylase, 6 units; and carbamyl phosphate synthetase, 0.9 
unit when ammonia was the substrate and 1.8 units with the other 
amines, were incubated for 15 minutes at 37°. The reaction was 
stopped with 1.0 ml of 6% trichloroacetic acid. A 1.0 ml aliquot 

was analyzed for citrulline and a 0.5 ml aliquot for P;. 








Citrulli Phosphate to 
Pi formed eudlagie tamed citrulline cal 
Amine oe the Dad: i 
KCl | Nacl| Kcl | Naci | Kel | Nacl 
Gael | Martone 
pmoles | pmole | 
NH; 1.76 | 1.56 | 0.900 | 0.840 | 1.90 | 1.85 
NH:NH: 1.68 | 0.20 | 
NH.OH 1.72 | 0.13 | 
CH,ONH; 1.66 0.32 | 0.786 | 0.146 | 2.11 | 2.19 
CH;NH; 0.11 | 0.05 | | 
| | | 
TABLE VI 


Formation of heat-labile phosphate derivative 
in presence of methoryamine 

Tris-HCl, pH 7.5, 50 umoles; acetylglutamate, 5 umoles; MgSO,, 
10 umoles; ATP, 5 umoles; KHCO; saturated with CO, 50 umoles; 
neutralized amine, 100 umoles; and carbamyl phosphate synthe- 
tase, 1.1 units with NH; and NH2NH:2 and 2.2 units with CH;ON Hp, 
were incubated for 15 minutes at 37°. At the end of the incuba- 
tion the tubes were placed on ice and 2.0 ml of a 10% aqueous sus- 
pension of Norit was added. The suspension was stirred peri- 
odically for 30 minutes and then centrifuged. An aliquot (t.0 
ml) of the supernatant fluid was heated for 2 minutes at 100°. 
This and a similar unheated aliquot were then analyzed for P; 
by the method of Lowry and Lopez (23). 


| P; formed 








Amine —— 
| Unheated Heated 
rte a ras ‘ | umole 
NH; 0.540 0.930 
NH:NH2 0.550 0.580 
CH;ONH, 0.588 0.956 





analogues of carbamyl phosphate are extremely unstable or 
these amines are functioning in some other manner. Caravaca 
and Grisolia (21) have suggested the possibility of an unstable 
hydroxamate being formed in the presence of NH,OH. 

K* also stimulated the hydrolysis of ATP in the absence of 
amines (see Table VII), a reaction which has been reported 
previously (3) and which is accentuated by the presence of 
Mn** in place of Mg++. Since the enzyme preparation used in 
this experiment had not been precipitated with (NH,)2SO,, there 
was no possibility that the increase in phosphate released in the 
presence of K+ was caused by carbamyl phosphate synthesized 
from traces of ammonia added with the enzyme. Na+ had a 
similar but less pronounced effect and only at 10 times the opti- 
mal K+ concentration. 

Finally, K* inhibited the synthesis of ATP from carbamy| 
phosphate (see Table VIII). This reaction has been discussed 
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elsewhere (3) and involves only a partial reversal of the synthe- 
sis of carbamyl! phosphate. 

Inhibition by HMB—The inhibition of carbamyl phosphate 
synthetase by HMB was studied by incubating the enzyme with 
HMB and then diluting the reaction mixture and assaying it 
for enzyme activity. Although ornithine transcarbamylase js 
inhibited by HMB (26, 27), the carbamyl phosphate was quan- 
titatively converted to citrulline if the concentration of HMB 
in the assay medium was not greater than 10-6 m and 25 units of 
ornithine transcarbamylase were used. Under these conditions, 
the inhibition of carbamyl phosphate synthetase activity was 
linear with HMB concentration up to a ratio of 4 moles of HMB 
per mole of enzyme (see Table IX). A 5-fold molar excess of 
HMB per mole of enzyme inhibited the activity of the enzyme 
75 to 85%. The reaction of the enzyme with HMB was rapid; 
1 minute at 25° was more than adequate for maximum inhibi- 
tion to take place. The inhibition by a 5-fold molar excess of 
HMB could be reversed by 10-3 m glutathione or by 5 X 10+ 
M mercaptoethanol. With higher ratios of HMB to enzyme the 
reversal was not complete, especially when the incubation with 
HMB was prolonged. 

The number of reactive SH groups in the enzyme was meas- 


TaBLeE VII 
Effect of K* on hydrolysis of ATP in absence of amine 

Tris-acetylglutamate, 5 umoles; Tris-HCO; saturated with CO,, 

50 uymoles; MnSOx,, 5 umoles; Tris-ATP, 5 umoles; carbamy] phos- 
phate synthetase, 5.6 units in a volume of 1 ml were incubated for 
30 minutes at 37°; then 1.0 ml of 10% trichloroacetic acid and 1.0 
ml of a 10% suspension of Norit in water were added. After 30 
minutes at 0°, the Norit was removed by centrifugation. A 2.0 
ml aliquot of the supernatant was analyzed for phosphate. 





Monovalent cation P; released 
i 


added 
umoles <p 
None 0.370 
K* 5 1.44 
10 1.48 
Nat 12.5 0.337 
100 0.508 


200 0.573 


TaBLe VIII 

Inhibition by K* of synthesis of ATP from carbamyl phosphate 
Sodium carbamyl! phosphate (25) 20 umoles; acetylglutamate, 

5 umoles; MgSO,, 15 umoles; imidazole-HCl, pH 6.5, 50 pmoles; 
carbamyl phosphate synthetase, 5.8 units; and NaCl or KCl, 25 
ymoles were incubated in a volume of 1.0 ml for 15 minutes at 37°. 
A 1.0-ml amount of 2 Nn HCJO, was added, and the protein was re- 
moved by centrifugation. 1.0 ml of 1 mM KHCO; was added to 1.0 
ml of supernatant, and 0.5 ml of this neutralized sample was ana- 
lyzed for ATP enzymatically with hexokinase and glucose-6-P 
dehydrogenase as described previously (3). 


2 = ‘aie ———— 


Monovalent cation added ATP synthesized 


te ai 
Nat | 1.043 
K* | 0.692 
ae aie ei — 
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ured by the method of Boyer (28). The results are recorded in 
Fig. 7. The reaction of the enzyme with HMB was complete 
in approximately 80 minutes with the concentration of reagents 
which were used. Between 41 and 44 moles of SH groups 
reacted. This value was somewhat lower for a preparation of 
the enzyme which had been stored for a few weeks. 

A 5-fold molar excess of HMB had no effect on the sedimen- 
tation constant of carbamyl phosphate synthetase, but a 20- 
fold excess converted it to a preparation that sedimented more 
rapidly than the native enzyme. Under the latter conditions, 
the protein sediments as a broad unsymmetrical peak. 

Preincubation of the enzyme with acetylglutamate or car- 
bamylglutamate protected it against inhibition by HMB (see 
Table IX). NH,sHCO;, ATP + Mgt+, KCl and glutamic acid 
were ineffective in this respect. The protective effect was in- 
hibited by Tris-HCl, '/2 = 0.1, pH 7.5. 

Preincubation with Acetylglutamate—Grisolia and Towne (29) 
reported that increased synthesis of citrulline occurred when 
rat liver extracts were preincubated with acetylglutamate plus 
ATP. It can be seen from Table X that the same effect could 
be observed in the absence of ATP, 7.e. when carbamy! phos- 
phate synthetase was incubated with acetylglutamate alone. 
The experimental conditions described in the legend to Table 
VIII were essential if the effect was to be observed. With 
lower concentrations of enzyme, where it was necessary to pro- 


TaBLe IX 
Inhibition of carbamyl phosphate synthetase by HMB 

Experiment 1. Carbamyl phosphate synthetase (3.45 X 107° Mm) 
in 0.02 m Tris-HCl, pH 7.5, was incubated at 25° with HMB for 1 
minute. Then the reaction mixture was diluted with the buffer, 
and an aliquot was assayed for enzyme activity. 

Experiment 2. Carbamyl phosphate synthetase (3.45 x 10-° 
M) was incubated with HMB for 1 minute at 25° in a volume of 0.9 
ml. Then 0.1 ml of 0.01 m glutathione was added, and the incuba- 
tion was continued for 30 minutes. Finally, the reaction mixture 
was diluted and assayed. 

Experiment 3. Same as Experiment 2 except that glutathione 
was replaced by 0.001 m mercaptoethanol. 

Experiment 4. Carbamyl phosphate synthetase (2.71  10-° m) 
in 0.014 m Tris-HCl, pH 7.5, was incubated for 12 minutes at 25° 
with acetylglutamate in a volume of 0.9 ml. Then, 0.1 ml of 
1.355 X 10-4 HMB was added, and the incubation was continued 
for 1 minute. Finally, the reaction mixture was diluted and 


























assayed. 
Experiment No. | HMB t-Acetylglutamate | Inhibition 
| moles/mole carbamyl | ™ | ag 
phosphate synthetase | ’ 
1 | 1 | 19 
2 39 
| 3 | 60 
: | 4 | 76 
i 5 84 
2 5 | | 1.5 
10 | | 12 
20 | 34 
3 5 | 2.8 
4 5 | axi0* | 2 
5 5 X 10-4 | 18 
5 ;) the | 49 
5 | 5 X 10° 66 
5 None | 76 
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TABLE X 


Preincubation of carbamyl phosphate synthetase 
with acetylglutamate 

The components listed in the table were incubated for 10 min- 
utes at 37° with 35 units of carbamyl phosphate synthetase in a 
volume of 0.5 ml. Then glycylglycine, pH 7.5, 50 umoles; NH,- 
HCO; saturated with COz, 50 umoles; ornithine, 5 wmoles; orni- 
thine transcarbamylase, 25 units; ATP, 5 wymoles and MnS0O,, 
5 umoles, if they were missing in the preincubation; and, in the 
case of the controls, the same amount of acetylglutamate as was 
present in the experimental samples were added in a volume of 
0.5 ml. The final incubation was for 15 minutes at 10°. The re- 
action was stopped by adding 1.0 ml of 2 Nn HClO,, and a 1.0 ml 
aliquot was analyzed for citrulline. 














Additions during preincubation aaa A Citrulline 
pumoles moles 

Acotylglutamate, G..<.6:66.5.<éc0.0seswdssai 1.106 

PE encase al cre a ia Re ee Le 0.724 0.382 
Acetylglutamate, 5; ATP, 5; MnSO,,5..| 0.940 

BU eI a AB 555.5 pre Since seloka 0.568 0.372 
Acetylglutamate, 0.5.................... 0.916 

Ee eee ee EE ATE | 0.120 0.796 
Acetylglutamate, 0.1.................... 0.474 

TR os oo ten phen hee Rag a ee 0.046 0.428 
Acetylglutamate, 0.1; ATP,5; MnSQ,,5..| 0.376 | 

Fis Ae a, a i ee ee | 0.050 | 0.326 





long the final incubation in order to synthesize a measurable 
amount of citrulline, preincubation with acetylglutamate re- 
sulted in no measurable additional synthesis. The increment in 
citrulline synthesized was greater when the time of the final 
incubation was increased but, at the same time, prolonging the 
final incubation tended to swamp the effect because of the syn- 
thesis occurring in the nonpreincubated control. Citrulline syn- 
thesis in the control could be reduced greatly relative to that in 
the preincubated sample by reducing the acetylglutamate con- 
centration to 0.1 or less of the optimal concentration for citrul- 
line synthesis in the control (see Table X). 

Preincubation of the enzyme with acetylglutamate for a few 
seconds at 10° was enough to produce some additional citrulline, 
although 1 hour at 10° was optimal. Both this observation and 
the lack of an effect at lower enzyme concentrations indicated 
that the reaction of carbamyl phosphate synthetase with acetyl- 
glutamate was rapid and was probably not the rate-limiting 
step in the usual system for measuring carbamyl phosphate 
synthesis. Tris-HCl, KCl, or NaCl at a concentration of 0.1 M 
inhibited the effect completely. 


DISCUSSION 


Although the synthesis of carbamyl phosphate requires 2 
moles of ATP (24), the equilibrium dialysis experiments indi- 
cated that carbamyl phosphate synthetase has only one binding 
site for ATP, at least in the absence of other substrates. Fur- 
thermore, there is a 10-fold difference in the dissociation con- 
stant of the enzyme-ATP complex calculated from the binding 
data and the K,, for ATP determined from the effect of the 
concentration of ATP on the enzymatic activity. Apparently 
the second ATP reacts only in the presence of the other sub- 
strates, and it is this reaction which determines the K,,. 

The requirement of Mg*+ for the binding of ATP was pre- 
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dictable as it is generally agreed that MgATP-? is the reactive 
species in most reactions involving ATP (30, 31). However, 
this is not a complete explanation for the requirement for Mg*+ 
in this instance. On the basis of the dissociation constant for 
MgATP-? determined by Burton (18) sufficient Mg*+ was pres- 
ent, even at the lowest concentration, in the experiment re- 
corded in Table II so that ATP existed essentially exclusively 
as the Mg complex, yet the amount of ATP bound increased 
with the Mgt+ concentration up to at least 5 X 10-3 m. Also 
the data in Table III indicate the free Mg** is required for the 
enzyme to be active. A Lineweaver-Burk plot of these data 
at a given ATP concentration gives a straight line only if the 
free Mg*t+ concentration is used. The K,, for free Mgt* is 
4.7 X 10-4 m. On the other hand, Mn*+, which will satisfy 
the divalent cation requirement both in the enzymatic reaction 
and in the binding of ATP, is required only at a concentration 
equimolar with the ATP for maximal activity. This result is 
difficult to interpret since Mn++ forms an even more stable com- 
plex with ATP than does Mgt+ (32). The binding of both 
ATP and acetylglutamate were anomalous in the presence of 
Mn++. A possible explanation is that the enzyme binds Mn** 
more firmly than Mg*+. 

Grisolia and Towne (29) proposed that the increased syathe- 
sis of citrulline which resulted from preincubation of carbamy] 
phosphate synthetase with acetylglutamate plus ATP was due 
to phosphorylation of acetylglutamate. However, the fact that, 
at least with the frog enzyme, this effect could be demonstrated 
to occur to an equal extent in the absence of ATP rules out this 
explanation and suggests that the binding of acetylglutamate 
may simply stabilize an enzymatically active form of the en- 
zyme. This proposal is not necessarily inconsistent with the 
hypothesis of Jones and Spector (33) that a covalently-linked 
intermediate is formed between acetylglutamate and COs. The 
observation of Caravaca and Grisolia (34) that at temperatures 
above 50° frog carbamyl phosphate synthetase is inactivated 
more rapidly in the presence of acetylglutamate than in its ab- 
sence is consistent with the proposal of a conformational change 
of the enzyme. If in the proposed conformation of the enzyme 
which is stabilized by acetylglutamate the SH groups are not 
available to HMB, one would have an explanation for the pro- 
tection of the enzyme by acetylglutamate from inhibition by 
HMB. Inasmuch as acetylglutamate is so weakly bound, this 
seems more likely than a direct competition between acetyl- 
glutamate and HMB for SH groups. Also, the inhibition by 
acetylglutamate of the binding of ATP might be explained on 
the basis of acetylglutamate affecting the conformation of the 
enzyme. 

K+ is essential for, or at least greatly increases the rate of, 
those reactions catalyzed by carbamyl phosphate synthetase 
which do not involve NH4"*, i.e. the synthesis of analogues of car- 
bamyl! phosphate and the hydrolysis of ATP in the absence of 
amines. K+ also decreases the values of the K m for NH,+, ATP 
and acetylglutamate. Since NH,* can substitute for K+, these 
latter effects are not apparent under the usual assay conditions 
which involve relatively high NH,* concentrations. They are, 
nonetheless, of considerable significance from the standpoint of 
the physiological role of carbamy] phosphate synthetase, since un- 
der physiological conditions the enzyme presumably has to op- 
erate at very low concentrations of ammonia. In contrast to the 
phenomena just discussed, K+ has no effect on the binding of 
either ATP or acetylglutamate and it inhibits the synthesis of 
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ATP from carbamy] phosphate. A requirement for K+ has been 
observed with other reactions requiring ATP (81, 35, 386), 
Furthermore, Lowenstein (37) has observed a stimulation of the 
nonenzymatic, divalent ion-dependent transphosphorylation be- 
tween ATP and P; by alkali metal ions and particularly by K+, 
This observation may provide the chemical basis for the effect 
of K+ in the enzymatic reactions involving the transfer of phos- 
phate from ATP. 


SUMMARY 


Carbamyl phosphate synthetase, isolated from frog liver and 
previously shown to behave as a single protein both immuno- 
chemically and on chromatography, sedimented as a single peak 
in the ultracentrifuge with an $20, of 11.2. On electrophoresis 
between pH 5.0 and 8.0, it showed a minor component, present 
to the extent of 7 to 13%, and a major component, the active 
enzyme, with an isoelectric point of pH 6.5. The preparation 
had a specific volume of 0.740 ml per g in a 1.182% solution, a 
nitrogen content of 16.3%, and a molecular weight of 315,000. 

The binding of adenosine triphosphate and acetylglutamate 
by the enzyme was studied. The amount of adenosine triphos- 
phate bound increased with the Mg++ concentration, as did the 
enzyme activity, in a manner which indicated that free magne- 
sium ions are required. The enzyme has one binding site for 
adenosine triphosphate in the absence of the other substrates. 

A 5-fold molar excess of hydroxymercuribenzoate inhibited 
the enzyme 85% although the enzyme has 44 moles of SH 
groups capable of reacting with this reagent. The inhibition by 
a 5-fold excess was completely reversible by mercaptoethanol, 
but in the presence of larger amounts of hydroxymercuriben- 
zoate, the inhibition gradually became irreversible because of 
aggregation of the protein. Preincubation of the enzyme with 
acetylglutamate, but not with the other substrates, prevented 
this inhibition. 

K* is essential for the synthesis of analogues of carbamyl 
phosphate from derivatives of ammonia. It also decreases the 
K» values for NH,*, adenosine triphosphate, and acetylgluta- 
mate provided that the latter two are determined at low NH; 
concentrations, because NH,* can substitute for K+. On the 
other hand, K+ has no effect on the binding of adenosine tr- 
phosphate and acetylglutamate and inhibits the synthesis of 
adenosine triphosphate from carbamyl] phosphate. 

Preliminary incubation of carbamyl phosphate synthetase 
with acetylglutamate resulted in an increased synthesis of car- 
bamyl phosphate as compared with the nonpreincubated con- 
trol. A possible role for acetylglutamate in the activation of 
the enzyme is discussed which might explain this phenomenon. 
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Since the initial description (2, 3) of procedures for the use of 
cellulose ion exchange columns for the chromatography of pro- 
teins, a number of such systems have been developed for specific 
proteins, including the heme proteins. Thus, Gutter et al. (4) 
have described the use of carboxymethy] cellulose in a study of 
various hemoglobins, Rumen (5) has utilized carboxymethy| 
cellulose for the identification of multiple myoglobins from the 
seal and Bartsch and Kamen (6) have used diethylaminoethy] 
cellulose for the isolation of heme proteins from Chromatium. 
Since the completion of the work described herein, Akeson et al. 
(7) and Akeson and Theorell (8) have described the use of car- 
boxymethy] cellulose columns for the preparation of myoglobins 
from rat and horse muscle. This report describes procedures 
for the chromatography of myoglobins on diethylaminoethyl 
cellulose columns that are suitable for quantitative determination 
of myoglobin in extracts, myoglobin-hemoglobin differentiation, 
and isolation of myoglobin from muscle. 


EXPERIMENTAL PROCEDURE z 


Materials—DEAE-cellulose was purchased from Bio-Rad 
Laboratories, Richmond, California. Different lots had ex- 
change capacities of 0.6 to 0.7 meq per g. Tris (primary stand- 
ard grade) was obtained from Sigma Chemical Company. 

Myoglobins were isolated from the red skeletal muscle of 
yellowfin tuna (Neothunnus macropterus), albacore tuna (Thun- 
nus germo) and whale (Megaptera nodosa) by repeated ammonium 
sulfate fractionation. Details of this procedure and sources of 
the raw materials have been described previously (9, 10). A 
sample of myoglobin was similarly prepared from bovine muscle. 
Albacore tuna, whale, and human hemoglobins were prepared by 
ammonium sulfate fractionation of extracts of washed lysed red 
blood cells. Other hemoglobins were Mann products. 

Myoglobins were in the met-(ferri-) state after the isolation 
procedure. For conversion to carboxymyoglobin, a solution of 
metmyoglobin was reduced with a few crystals of sodium dithi- 
onite, and CO gas was bubbled through. The completeness of 
conversion was checked spectrophotometrically. 

Preparative Procedures with DEAE-cellulose Chromatography— 
Samples of bluefin tuna (Thunnus thynnus) and Chinook salmon 
(Oncorhynchus tshawytscha) hearts and cormorant (Phalacrocoraz) 
muscle were used. The tuna hearts were obtained from the 
F. E. Booth Company, San Francisco, and the salmon hearts 
were supplied by Mr. Alvin Jensen of the Salmon Nutrition 
Laboratory, Cook, Washington. The cormorant tissue was 
supplied by Drs. A. L. Tappel and T. Richardson, who obtained 


* A preliminary report of this work has appeared (1). 


it through the cooperation of the California Fish and Game Com- 
mission. All tissues were frozen after collection and kept frozen 
until the start of myoglobin isolation procedures. An aliquot of 
tissue was thawed, minced, and homogenized with 1 volume of 
distilled water; the mixture was then centrifuged in a Servall 
angle head refrigerated centrifuge (2°) for 10 minutes at 5000 x 
g. With the hearts, the tissues were rinsed with distilled water 
before blending to remove excess hemoglobin. The supernatant 
from thecentrifugation was filtered through cheesecloth to remove 
fatty material. A convenient but not necessary step at this point 
was to dialyze the supernatant against a few changes of distilled 
water; this resulted in the precipitation of some of the extraneous 
proteins. If this step was included, the supernatant was again 
centrifuged and the precipitate discarded. The supernatant was 
then brought to 50% saturation with ammonium sulfate, and 
the pH was adjusted to 6.8 with ammonium hydroxide. The 
precipitate at 50% saturation was discarded, and the ammonium 
sulfate concentration was increased in increments of 10% with 
centrifugal separation of the resulting precipitates until the myo- 
globin fraction precipitated. This was ordinarily at about 80% 
saturation or greater but varied depending on the source; for 
example, cormorant myoglobin did not precipitate until the 
solution was nearly saturated with ammonium sulfate (about 
95%). The precipitate was collected, dissolved in a small vol- 
ume of water, and dialyzed in the cold against several changes 
of ion-free water until completely free of ammonium sulfate and 
was then dialyzed against the buffer to be used for the chro- 
matography as described below. 

Chromatography—The cellulose packing material was washed 
two or three times with water and then washed repeatedly with 
buffer until pH equilibrium was attained. For preliminary 
studies and microquantitative work, 0.5- < 7-cm columns were 
used, whereas 2.0- X 6-cm columns were used for recovery de- 
terminations with larger amounts of material as well as for 
smaller scale preparative work. For larger scale preparations, 
columns 4.5 <8 or 18 em were used. The small columns were 
packed by gravity flow, whereas the 2.0- x 6-cm column was 
packed under 0.5 or 1 pound of air pressure and the 4.5- X 8- or 
18-cm columns were packed under 2.0 pounds of air pressure. 
Flow rate on the smallest columns was about 1 ml per 6 minutes. 
Size of the collected fraction varied depending on the purpose of 
the column but was usually about 0.2 to 0.5 ml. The 2- x 6-cm 
column rate under gravity flow varied with buffer and load con- 
ditions but was about 10 to 20 ml per hour with 1 to 5 ml samples 
being collected. The largest columns (4.5 X 8 or 18 cm) were 
packed under 2 pounds of air pressure and were usually developed 
under 1 pound of pressure. Samples (0.1 to 1.0 ml) applied to 
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the small columns were washed on with two portions of buffer, 
each about half the size of the sample. Sample application size 
for the large preparative columns was of the order of 50 ml; 20 
ml or larger fractions were collected. Sample sizes up to 100 
ml can be used if necessary on 4.5- X 18-cm columns. Amounts 
of total protein material applied to the preparative column were 
from 100 mg to 1 g quantities. Because of the ease with which 
the brightly colored myoglobin and hemoglobin bands can be 
seen, it is possible for routine preparative work to take fewer 
fractions than would be required for colorless proteins. 

Filter paper disks were placed on top of the larger columns. 
Because of the stability of the whale and tuna myoglobins in 
which we were primarily interested, a majority of the columns 
were run at room temperature. Myoglobins were always eluted 
starting with the same buffer with which the column was equili- 
brated (Tris, pH 8.2 to 8.6, 0.005 to 0.05 m); hemoglobins and 
other soluble proteins were eluted by a change to buffers of lower 
pH or higher ionic strength (usually 0.02 to 0.2 m NaCl) as 
indicated in the results section. The change in buffers on the 
column was made directly. 

Analysis of Effluent Fractions—The concentration of proteins 
in the effluent fractions was assayed by measurement of the 
Soret absorption peak (406 to 423 my depending on derivative 
and buffer), the ultraviolet absorption in the 280-my region in a 
Cary model 11 recording spectrophotometer, or both. The 
entire Soret peak was recorded and the maximum taken; this is 
important for quantitative work because maxima for hemoglobin 
and myoglobin may differ slightly. Also, at pH 8.6 the absorp- 
tion maximum of metmyoglobin is slightly different from that in 
aqueous solution at neutral pH. Metmyoglobin was unchanged 
on the columns under the conditions of this study but the car- 
boxymyoglobin may undergo slight dissociation during passage 
through the column. Therefore, for maximal accuracy, each 
effluent fraction or an aliquot thereof was treated with a small 
(l-mg) quantity of sodium dithionite, and CO gas was bubbled 
through to ensure complete conversion to the carboxymyoglobin 
form before recording of the Soret peak. The extinction coeffi- 
cient of the carboxymyoglobin Soret peak is higher than the 
corresponding nonsubstituted ferrous myoglobin or metmyo- 
globin. For example, values of ey, for bluefin tuna myoglobin 
derivatives are: myoglobin 56 (maximum at 431 my), carboxy- 
myoglobin 105 (maximum at 420 my), and metmyoglobin 86 
(maximum at 407 mu). Because of the slight shifts noted in the 
Tris buffer at pH 8.6, all dilutions of fractions for spectrophoto- 
metric assay were done with the same buffer. Because dithionite 
solutions absorb strongly in the ultraviolet region, the 280-my 
peak is meaningless as an assay for samples containing dithionite. 
Thus, in these cases, only the visible region was used. 


RESULTS AND DISCUSSION 


Chromatography of Purified Myoglobin—Fig. 1 illustrates the 
effect of varying the concentration of Tris buffer, pH 8.6, on the 
chromatography of purified whale myoglobin derivatives on 
DEAE-cellulose columns. Myoglobin is eluted near the hold-up 
volume at the higher buffer concentration (0.05 m), whereas ap- 
preciable retention is noted at buffer concentration of 0.01 or 
0.02 mas shown. Data obtained from runs with still lower con- 
centration of buffer show similar results; the elution volume 
increases with decreasing molarity of buffer. Similar data have 
been obtained with myoglobins from bovine muscle, albacore 
tuna, yellowfin tuna, bluefin tuna, salmon, and cormorant. 
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Measured percentage recoveries of carboxymyoglobin ranged 
from 88 to 100% and an average of five recoveries was 95%. 
Recovery of metmyoglobin from the column was nearly quantita- 
tive in every case. As shown in Fig. 1, the chromatography of 
myoglobin is qualitatively similar regardless of whether the 
carboxy- or met- form is used; metmyoglobin moves more rapidly 
than carboxymyoglobin during elution with buffers of lower con- 
centrations. Use of the met- form is advantageous if it is de- 
sired to follow elution patterns by the ultraviolet absorption 
peak or to note the Soret to ultraviolet absorbancy ratio of the 
protein. 

Separation of Hemoglobin and Myoglobin—Fig. 2 illustrates the 
separation of a mixture of hemoglobin and myoglobin on a 
DEAE-cellulose column. There is no movement of hemoglobin 
under the indicated conditions until either the pH is lowered or 
ionic strength increased. Better elution patterns were obtained 
with the larger (2.0- X 6-cm) columns but the small (0.5- x 
6-cm) columns gave satisfactory results and hence are suitable for 
preliminary studies or working with micro amounts of material. 
Recoveries of hemoglobin were always lower than those of myo- 
globin; better recoveries of hemoglobin were obtained when it 
was in the carboxy- rather than other forms. Separation of 
numerous pairs of myoglobin-hemoglobin mixtures has been ac- 
complished with similar results. 

It is possible to place an aqueous extract of muscle directly on 
a column and achieve a separation of myoglobin from hemo- 
globin, provided that the total ionic strength is not too great. 
The effluent myoglobin is free of hemoglobin; thus, a quantitative 
determination of relative percentages of the two heme proteins 
in an extract can be accomplished. This is conveniently done 
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Peaks A and B are myoglobins. C is hemoglobin and other pro- 
teins. 


as follows: an extract is clarified by high speed centrifugation 
and the total absorbancy in the Soret region of the extract is 
compared to the effluent myoglobin. Inasmuch as the presence 
of noncolored contaminating proteins does not interfere with 
such an assay, the myoglobin can be collected in a single fraction 
as determined by visual inspection. The application of such a 
technique to the light colored loin muscle of yellowfin tuna 
indicated that 86% of the total heme pigments was myoglobin. 

Preparative Chromatography—Fig. 3 is an example of elution 
patterns obtained from preparative DEAE-cellulose columns. 
Best results with the preparative columns were obtained when 
the starting crude extract had been fractionated at least once 
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by ammonium sulfate precipitation, and the resulting myoglobin. 
rich fraction dialyzed against starting buffer before application 
to the column. The ratio of the Soret to ultraviolet absorbancy 
in the effluent is a good indicator of the purity of the preparation, 
In Fig. 3 this ratio for the main myoglobin peak in Tris buffer, 
pH 8.6, is about 4.5, (the same as for known purified bluefin 
myoglobin in this buffer), whereas the ratio for the second myo- 
globin is about 4.0, indicating that the second myoglobin might 
have been slightly contaminated by other proteins. Contamina- 
tion was obvious in the eluted hemoglobin fraction, where the 
ratio was approximately 0.95. Rechromatography of Peak 4 
gave an elution curve similar to those in Fig. 1 with quantitative 
recovery. In the case of the bluefin tuna heart preparation 
illustrated in Fig. 3, the approximate total recovery of heme 
proteins from the once-precipitated extract was 90% (80% as 
main myoglobin fraction) and total recovery of protein was ap- 
proximately 65% as estimated from ultraviolet absorbancies, 
We have not attempted chromatography to separate multiple 
myoglobins known to occur in various animal muscle tissues 
(6, 8, 11); techniques have recently been described for the use of 
carboxymethy] cellulose chromatography for this purpose (7, 8). 
It is obvious, however, from Fig. 3 that conditions can be pro- 
vided for the separation of different myoglobins. Our data on 
the use of carboxymethyl] cellulose for myoglobin chromatog- 
raphy are in agreement with those recently reported (7, 8). 


SUMMARY 


Methods are described for the chromatography of myoglobin 
on DEAE-cellulose, with Tris buffer, pH 8.2 to 8.6, and concen- 
trations of 0.005 to 0.05 m. With 0.05 m buffer, myoglobin is 
eluted near the hold-up volume and is increasingly retained as 
the molarity of the buffer is decreased. Under the above condi- 
tions, hemoglobin is retained on the top of the column, making 
possible a simple differentiation between the two heme proteins 
as well as a determination of relative percentages of the two in 
tissue extracts. Hemoglobin may be removed from the column 
by increasing the ionic strength or decreasing the pH of the 
buffer. Procedures similar to those described may be used in 
larger columns for preparative isolation of purified myoglobin 
from relatively crude muscle extracts. 
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Thyroxine in human serum migrates to at least three sites 
during electrophoresis, as shown previously elsewhere (1-3), and 
also observed in this laboratory (4). The sites most frequently 
reported have been: (a) the zone between ai- and a-globulin, 
the so-called ‘“thyroxine-binding globulin’; (6) albumin; and 
(c) the “prealbumin” region. Albumin is the only one of these 
fractions available at present in purified form with a known mo- 
lecular weight. We have investigated the interaction of this 
protein with t-thyroxine, p-thyroxine, and L-triiodothyronine 
by means of equilibrium dialysis. The present communication 
deals with the determination of the binding constants at pH 7.4 
and pH 8.6 at 38°. In preliminary reports, Lein (5, 6) has 
presented data on the binding of u-thyroxine and L-triiodothy- 
ronine by bovine serum albumin at pH 9.75. 


EXPERIMENTAL PROCEDURE 


Equilibrium dialysis was carried out with I'*!-labeled iodo- 
thyronines and 98% pure serum albumin which was found to be 
free of thyroxine-binding a-globulin and prealbumin by paper 
electrophoretic analysis after addition of I-labeled thyroxine 
(1-4). Before use the albumin was passed through an Amberlite 
MB-1 resin according to the method of Dintzis (7). Dialysis was 
carried out in 50-ml, 28 xX 102 mm plastic centrifuge tubes with 
iinch dialysis membranes that had first been soaked in 
0.01 nitric acid to remove impurities (8). The albumin con- 
centration was 0.05 g/100 ml (7.25 x 10-® m) and the concen- 
tration of the iodo compounds ranged from 2.6 xX 10-° m to 
26 X 10-5 m. Owing to the limited solubility of thyroxine and 
analogues at pH 7.4, it was not possible to work at higher con- 
centrations. The dialysis was carried out in solutions containing 
either phosphate buffer, pH 7.4, I'/2, 0.15, or 0.05 m Tris-0.1 m 
NaCl buffer. All reagents were made up in glass-distilled or 
deionized water. Equilibrium was reached after 4 hours of 
gentle shaking and aliquots were taken from both the inside and 
the outside of the dialysis bag. The aliquots were counted in a 
Packard Auto-Gamma well-type scintillation counter. The frac- 
tion of thyroxine bound was obtained from the quotient: 


c. p.m. inside — c. p. m. outside 
total ¢. p. m. 








*This work has been carried out under a research contract with 
the United States Atomic Energy Commission, and has been 
Supported by grants from the National Institutes of Health and 
the American Cancer Society. 


There was no significant loss of thyroxine due to binding by the 
dialysis bags or by the walls of the plastic tubes. Recoveries 
ranged from 95 to 105% in the presence or absence of protein. 
The radioactivity in the dialysate was identified as thyroxine 
by chromatography on paper with butanol-dioxane-ammonia 
(4:1:5) followed by a determination of radioactivity with a 
Nuclear-Chicago strip scanner. The only other radioactive peak 
observed corresponded to inorganic iodide which had been present 
originally as a slight contaminant. Usually I'*-labeled com- 
pounds containing less than 1% inorganic iodide were used in 
the experiments. When the percentage of iodide contamination 
exceeded 2%, appropriate corrections were made based on the 
observation that there was no appreciable iodide binding in com- 
parison with thyroxine binding. No decomposition of the iodo 
compounds occurred under the experimental conditions. 

The data were analyzed by means of the Scatchard equation 
(9-11): 


o/A = kn — ko 


where 7 is the molar ratio of bound small molecule to albumin; 
A is the concentration (activity) of free small molecule in m; 
k is the average apparent association constant for the binding at 
each site; and v is the average maximal number of binding sites 
on albumin with the same association constant, k. 

The values for 7 and A were determined experimentally from 
the values obtained for the fraction bound for a given concentra- 
tion of the small molecule. If all binding sites are equivalent 
and independent, a plot of 7/A as a function of 7 should give a 
straight line such that the intercept on the 7/A axis is kn, as 3 
approaches 0 as a limit, and the intercept on the 7 axis is n, as 
v/A approaches 0 as a limit. Deviations from linearity occur 
when binding takes place at more than one set of sites with dif- 
ferent association constants (9-13). The contribution of elec- 
trostatic factors to the interaction may also produce curvature 
(9-13). 

The binding of each concentration of iodo compound was 
studied by paired tubes in which the labeled iodothyronine was 
added to the inside of the dialysis bag in one case and to the out- 
side (nonprotein side) in the other. The fraction of iodo com- 
pound bound, and, therefore, 7 and A, should be the same for 
both tubes if the interaction is a true equilibrium. 
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Fie. 1. Equilibrium dialysis study of the binding of L-thyroxine 
by human serum albumin at 38° in phosphate buffer, pH 7.4, 
T/2, 0.15. A, thyroxine added to protein side of dialysis sac, 
no EDTA; @, thyroxine added to nonprotein side of sac, no 
EDTA; A, thyroxine added to, protein side of sac, EDTA, 3.4 X 
10-4 m; O, thyroxine added to nonprotein side of sac, EDTA, 3.4 X 
10-4 M. 


TABLE I 
Binding constants for interaction of L-thyroxine, D-thyroxine, and 


L-triiodothyronine with human serum albumin at 
pH 7.4 and 38° 











Compound kn | n | k | —AF° 

| ES 

| calories/mole 
L-Thyroxine.......... | 440,000 | 4 | 110,000 | 7200 
p-Thyroxine..........| 520,000 | 4 | 130,000 | 7300 


L-Triiodothyronine. . .| 122,000 >10 |<12,200 <5800 
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Fria. 2. p-Thyroxine and t-triiodothyronine binding by human 
serum albumin at 38° at pH 7.4 and pH 8.6. 


RESULTS AND DISCUSSION 


The results obtained with L-thyroxine are shown in Fig. 1. A 
linear relationship exists between 7/A and 7, and the extrapola- 
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tions to the 7/A axis (kn) and the 7 axis (m) are shown by the 
dotted lines. The values for the binding constants are given jp 
Table I. From Fig. 1 it can be seen that good correspondence 
between duplicates is observed only in the presence of EDTA: 
Inthe presence of EDTA, the values of paired tubes usually agreed 
to within +5% of their arithmetic mean. The EDTA probably 
prevents thyroxine from forming complexes with metal ions jn 
solution. Thyroxine is known to form strong complexes with 
many metals (14, 15) and the presence of small quantities of 
these ions could have a marked effect on the behavior of the 
thyroxine, since the latter is present in such low concentration, 

Fig. 2 shows the results obtained at pH 7.4 and pH 8.6 with p. 
thyroxine. The points in Fig. 2 are the averages of paired deter. 
minations carried out as described above. The binding constants 
for p-thyroxine are given in Table I and are similar to those ob. 
served for the L isomer. 

The fact that the relationship between 7/A and 7 is linear over 
the range of thyroxine concentrations studied indicates that a 
second class of binding sites, if it exists at pH 7.4 (or 8.6), must 
have a much smaller association constant than that observed for 
the primary binding sites (110,000 for L-thyroxine). Lein (5) 
has described two classes of binding sites for the interaction of 
L-thyroxine with bovine serum albumin in glycinate buffer at 
pH 9.75 and 25°. The number of sites of the first class, my, is 
given as four with an association constant, k,, of 79,000; the 
number of sites in the second class, ne, is estimated to be eight, 
with an association constant, ke, of 1,000. It may be that 
competition between thyroxine and the buffer and chloride ions 
for the second set of binding sites at pH 7.4 minimizes the 
contribution of these sites to the interaction. No reports have 
been published, up to this time, on the binding of thyroxine by 
serum albumin at pH 7.4. 

The behavior of L-triiodothyronine is markedly different from 
that observed for thyroxine. The results obtained with the tr- 
iodo compound are shown in Fig. 2. At pH 7.4 the curve for 
L-triiodothyronine exhibits almost zero slope with a kn value of 
122,000. The values for n and k can only be estimated very 
roughly and these approximations are given in Table I. At pH 
8.6 (Fig. 2) the kn value increases to 165,000 and the curve has a 
more definite slope. Figs. 1 and 2 are typical of many experi- 
ments with phosphate or with Tris-NaCl buffer systems. 

It is considered likely that free cationic groups on the protein 
molecule may be the primary binding sites (9-12). It may be 
inferred that the difference in pK’ values of the anionic phenolate 
groups may account, at least in part, for the differences in binding 
behavior of the iodothyronines. Thus, at pH 7.4 the phenolic 
hydroxyl group of triiodothyronine, pK’ 8.45, is only approxi- 
mately 8% ionized, whereas at pH 8.6 it is about 59% ionized 








(16). The phenolic hydroxyl group of thyroxine, pK’ 6.73, is | 


approximately 82% ionized at pH 7.4 and 99% ionized at pH 8.6 
(16). The higher association constant for thyroxine is quite 
evident (Fig. 2, Table I). 

The findings are of interest in the light of observations that 
triiodothyronine is less firmly bound by whole serum than is 
thyroxine (1-3). These facts are believed to explain, at least in 
part, the more rapid rate of removal of triiodothyronine from the 
circulation (17) and its more rapid calorigenic action (18). 


1 The abbreviation used is: EDTA, ethylenediaminetetraaceti¢ 
acid. 
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SUMMARY 


Equilibrium dialysis studies were carried out to ascertain the 
binding constants for the interaction of human serum albumin 
with thyroxine and its analogues. At 38° with isotonic phosphate 
or_tris(hydroxymethyl)aminomethane-sodium chloride buffer 
systems at pH 7.4, L-thyroxine was bound at four primary bind- 
ing sites on the protein molecule with an apparent association 
constant of 110,000. Similar behavior was observed with p- 
thyroxine. 

In contrast, L-triiodothyronine showed only one-tenth as great 
an affinity for albumin at pH 7.4. The difference was attributed 
to the lesser degree of ionization of the phenolic hydroxy! group 
of triiodothyronine, which at pH 7.4 is ionized to an extent ap- 
proximately one-tenth that of thyroxine. At pH 8.6 with greater 
ionization of this group, triiodothyronine was bound more 
firmly by albumin. 

The results were considered compatible with the hypothesis 
that the anionic phenolate groups of thyroxine and triiodothy- 
ronine interact with free cationic groups on the protein molecule. 
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In a previous communication (1), we have described some of 
the enzymatic and physicochemical properties of a series of 
metallocarboxypeptidases prepared from the metal-free apoen- 
zyme of bovine carboxypeptidase A. This paper presents the 
stability constants and enzymatic activities of a series of metallo- 
carboxypeptidases produced when 1 g atom of zinc in the native 
enzyme is replaced by 1 g atom of manganese, cobalt, nickel, 
copper, cadmium, or mercury: Significantly, the substitution of 
the various metals for zinc in carboxypeptidase induces marked 
changes in relative activities and specificity of the enzyme. The 
order and magnitude of the stability constants of this series of 
metallocarboxypeptidases are in accord with the hypothesis 
that a sulfur and a nitrogen atom of the apoenzyme bind these 
metal ions to constitute the active center (2-4). The release of 
two H+ ions when a metal atom is bound to apocarboxypeptidase 
constitutes further experimental support for this hypothesis, 
since the apparent pk values of the ionizing groups are con- 
sistent with those to be expected of a sulfhydryl and.a nitroge- 
nous group of amino acid residues (5). 


EXPERIMENTAL PROCEDURE 


Beef Pancreas Carboxypeptidase {[((CPD)Zn]|'—Four times re- 
crystallized zine carboxypeptidase was prepared from beef pan- 
creas acetone powder? by the method of Allan et al. The solu- 
tion of the final crystals in 1.0 m NaCl-0.1 m Tris buffer, pH 
7.5, was homogeneous in the ultracentrifuge and by moving 
boundary electrophoresis when examined in 0.3 ionic strength 
LiCl buffers of pH 6.6 to 10.5. The proteolytic coefficient, C, 
of this preparation was 25 to 30 at pH 7.5, 25°, and 6 to 7 at 
pH 7.5, 0°. The esterase activity, expressed as a zero order 
rate constant, k (see below), was 1.15 X 10% um H* per minute 
per mg of N at pH 7.5, 25°. The zine to protein ratio was 
1950 wg per g of protein or 1.03 g atom per mole, assuming a 
molecular weight of 34,300 for the protein (6, 7). 


* This work was supported by a grant-in-aid from the National 
Institutes of Health of the Department of Health, Education and 
Welfare, No. H3117(C1). 

+ Post-Doctoral Fellow of the National Institutes of Health of 
the Department of Health, Education and Welfare. 

1 The abbreviations used are (in the formulations only and when 
required for differentiation): [(CPD)Zn], zine carboxypeptidase, 
with (CPD) representing the apoenzyme and the brackets in- 
dicating the firm binding of zine or other metals substituting for 
it, e.g. [((CPD)Hg]. Carboxypeptidase refers to carboxypeptidase 
A only. 

? Kindly supplied by the Lilly Research Laboratories. 

3B. J. Allan, P. J. Keller, and H. Neurath, in preparation. 


Zinc-free Apocarboxypeptidase (CPD)—Zinc-free apocarboyy. 
peptidase was prepared by dialyzing the native enzyme agains 
1,10-phenanthroline. Precautions against contamination by 
metal ions were taken, as previously described (1, 8). The 
preparations used in these experiments contained between % 
and 39 wg of zine per g of protein, or 1.3% and 2% of the 
original zine content, and had 2% of the original activity. 

Enzymatic <Activity—Peptidase activity was determined 4; 
described elsewhere (1) with carbobenzoxyglycyl-u-phenylal. 
nine, carbobenzoxyglycyl-L-tryptophan, and benzoylglycyl.- 
phenylalanine as substrates (Mann Chemical Company). Ae. 
tivity is expressed as an apparent proteolytic coefficient, C, as 
previously defined and employed (1, 9, 10). The assays were 
carried out at 0° in 0.02 m sodium Veronal buffer containing 0.1 
mM NaCl, pH 7.5; C was calculated from the linear portion of the 
first order reaction plots observed when hydrolysis did not ex- 
ceed 15%. 

Esterase Activity was determined as has been described (Il) | 
with hippuryl-dl-8-phenyllactate* as the substrate. The ae. | 
tivity was measured by titration with 0.1 a NaOH of the hydr- 
gen ions released on hydrolysis with a pH Stat titrator (Radi- 
ometer, Copenhagen) and recorder (Ole Dich, Copenhagen). 
Assays were performed at 25° with 5 ml of 0.01 m hippuryl-dl-6- 
phenyllactate in 0.1 m NaCl-0.005 m Tris buffer, at pH 7.5. 
Activities are expressed as zero order velocity constants, k, with 
units of um H+ per minute per mg of N. 

Metal Analyses—Zinc, cadmium, mercury, copper, manganese, 
nickel, cobalt, and lead were determined by chemical methods | 
which are specific for each (12-16). 

Protein concentrations were measured either by 10% trichloro- 
acetic acid precipitations followed by drying at 104° (17), o 
from absorbancy at 278 my (18). The results of the two pro- 
cedures were in excellent agreement. The Beckman model DU 
spectrophotometer was used throughout, and pH was measured 
with a Leeds and Northrup pH indicator equipped with a gen- 
eral purpose external glass electrode. 

Preparation of Zinc, Cadmium, Mercury, Lead, Manganest, 
Cobalt, Nickel, and Copper Carboxypeptidase—Standard solutions 
of zinc, cadmium, mercuric, manganous, cobaltous, nickelous, | 
cupric, and lead chlorides were prepared by dissolving the spec: | 
trographically pure metals (Johnson Matthey Company, Ltd) | 
in dilute, metal-free HCl. The solutions were diluted with 


metal-free buffer’ to result in the desired pH and molarity, to be 


j 
4 Gift of Dr. H. Neurath. | 


5 All buffers, unless otherwise indicated, were 1.0 m NaCl and | 
0.05 m Tris. 








2244 


Aug 


dial 
expe 
give 
the 

wert 
stan 


S 
cart 
exp 
Na 
cons 
late 
acid 
urel 
mea 
mea 
the 

0 
pep 
det 
enz! 
of t 
the 


fror 
bet 
It i 
met 
Tri 
solt 
exp 


sig 


con 
wit! 
sen 
mul 
of s 
and 
dec 
Ni, 
The 
pre 


car! 
tior 
met 
The 
of t 
Stat 
obt 





ocarbosy- | 
1e against 
ation by 
8). The 
tween 25 
% of the 
ity. 

mined as 
yhenylala- 
‘Iglycyl-- 
ny). Ae 
nt, C, as 
Says were 
aining 0.1 
‘ion of the 
id not ex- 





ribed (11) | 
The ae. | 
the hydro- 
tor (Radi- } 
penhagen). 
puryl-dl-8- 
it pH 7.5. 
its, k, with 


nanganese, 
il methods 


> trichloro- 
4° (17), or 
e two pro- 
model DU 
s measured 
with a gen- 





Manganese, | 
-d solutions | 
_ nickelous, | 
ig, the spec: | 
yany, Ltd) | 
luted with 

arity, tobe | 


1 NaCl and | 


August 1961 J. E. Coleman and B. L. Vallee 2245 


dialyzed against the isotopically labeled enzymes for exchange 
experiments, or against the zinc-free apoenzyme to prepare a 
given metallocarboxypeptidase. The metal solutions used for 
the exchange and equilibrium experiments described below 
were labeled by the addition of tracer amounts of isotope to the 
standard solutions. 


RESULTS 


Stability Constants—Manganese, cobalt, nickel, and copper 
carboxypeptidase undergo significant dissociation under the 
experimental conditions here used for equilibrium dialysis, 1 m 
NaCl-0.05 m Tris, pH 8.0, 4°. Hence, the apparent stability 
constants, Kapp = ([(CPD)Me])/(CPD) (Met+), can be calcu- 
lated from measurements of protein, either by trichloroacetic 
acid precipitation or by absorbancy at 278 my, and from meas- 
urement of the respective metal ion, by isotopic or microchemical 
means.© This “direct method” has been described (1) for 
measurement of the stability constant of the cobalt enzyme, 
the prototype for this procedure. 

Once the stability constant for one of these metallocarboxy- 
peptidases is obtained in this manner, that for any other can be 
determined by allowing a second metal ion to compete for the 
enzymatic binding site, to result (at equilibrium) in a mixture 
of two metalloenzymes. By use of this ‘competition method,” 
the following relationship holds: 


K oe (Me,**)(((CPD)Me]) . 
Me™ (Me.*+)((CPD)Me]) 





(1) 


in which Me, represents the metal for which the stability con- 
stant is known and Me, that for which it is unknown.’ 

Apocarboxypeptidase forms a 1:1 complex with each metal, 
as determined by isotopic and microchemical analyses. The 
apparent stability constants, log Kapp, for the resultant metallo- 
carboxypeptidases follow the order Zn > Cd > Hg > Ni > 
Co >Mn > Cu. (Table I, Columns A and B). 

Because the solubility characteristics of the enzyme required 
the presence of 1 m NaCl and 0.05 m Tris, the K,,, deviates 
from the true stability constant, K.orr, due to the competition 
between these anions and the apoenzyme for the metal ions. 
It is, therefore, necessary to calculate the concentration of free 
metal ions by correcting for that moiety, bound to chloride and 
Tris, by which the effective concentration of free metal ions in 
solution is diminished. The constants for ammonia may be 
expected to approximate those for Tris, and the correction is 
significant for all the ions but Mn*t+ (19). Based on the con- 


* The long half-life y-emitters, Co® and Mn*®, are particularly 
convenient in this regard. Combining isotopic analysis of one 
with microchemical analysis for the other of a pair of ions repre- 
sents a particularly simple and reliable procedure presenting 
multiple opportunities for checks of accuracy. The availability 
of suitable isotopes imposes some limitations. Mn*, Co®, Zn®®, 
and Cd's satisfy all requirements, whereas either the mode of 
decay or unfavorable half-lives of obtainable isotopes of Hg, Cu, 
Ni, and Pb made them unsuitable for this analytical method. 
The oxidation of Fe*+*+ to Fe*++ during equilibrium dialysis caused 
precipitation interfering with precise analytical measurements. 

*The high stability constants of zinc, cadmium, and mercury 
carboxypeptidase had to be measured by means of the ‘‘competi- 
uon method”’ because dissociation is so insignificant that measure- 
ments by the ‘direct method” fail to give acceptable results. 
The numerical values of the constants can be checked by variation 
of the species of Me; which is used to replace Mes. In most in- 
stances, Co*+ or Mn++ represented Me, the pairs of constants 
obtained with both ions agree closely. 


TABLE I 


Stabilities of metallocarboxypeptidases and of metal chelates of 
known structure (19) 
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senate | | Re 
| | | a 
| 2-Mercap- | wth \ 
Metallocarboxypeptidases* | toethyl- | Glyci aati 
bia | etallocarboxypeptidases' | pre ycine | diamine 
l l oe 
| Dissociation? | | Log Ki: 
|Log Ka Log Keorr 
| onstant P a er | 
| Prctoenssor — (cr, _ page | a l meen 
a. 2 | | 
Mn | 2.5X 10° | 5.6 | 5.6 4.1¢ |} 3.4 | 2.7 
Co | 1.5 x 10-8 | 5.8 | 7.0 7.7 | 5.2 | 5.9 
Ni | 20x10] 5.7 | 82] 99] 6.2 7.7 
Cu | 7.4X10%/ 5.1 | 10.6 | 4 8.6 | 10.7 
Zn | 4.7X 10-* | 8.3 | 10.5 | 10.2 | 5.2) 5.7 
Cd | 1.2x10%|] 7.9 | 108 | 110 | 4.8 5.5 
Hg | 2.0x 10-7 | 6.7 | 21.0 | 22.0¢| 10.3 | 12.0 





@ Each contained 1 g atom of metal per mole of protein. The 
oxidation state of the copper is not known. 

» Determined in 1 m NaCl-0.05 m Tris, pH 8.0, 4°. 

¢ These values for 2-mercaptoethylamine are not on record; 
those given are for cysteine (19). 

4 The reasons for the unavailability of constants for the cupric 
complexes have been detailed (20, 21). 


stants for the chloride complexes of all the metal ions (19), the 
corrections will be large for Hg++ and Cd*++ and relatively minor 
for the other metal ions. Thus, it follows in the general case 
that: 


_ _ ((CPD)Mel) 


sii (CPD) (Me**) [(L) "ky ke eee kn + 1) (2) 


in which the contents of the square brackets correct the appar- 
ent stability constants for the decrease in concentration of free 
metal, caused by the competition between apoenzyme and 
buffer anions. JZ is the concentration of ligand anions (Tris 
and chloride), with stepwise stability constants k, for the nth 
complex. Values of n from 1 to 4 apply to the corrections for 
Tris, depending upon the specific ion; similar ones from 1 to 2 
are pertinent to the corrections for chloride. The metal concen- 
tration, (Me**), is the metal not bound to protein and includes 
both free metal and that forming a complex with the buffer 
ligand, L. 

The log of the corrected stability constants, K.orr, are shown 
in Table I, Column C, and follow the order Hg > Cd > Zn > 
Cu > Ni > Co > Mn. Column D shows comparable values of 
log K, for 2-mercaptoethylamine and cysteine as examples of 
nitrogen-sulfur (N—S) bidentate ligands. Finally, Columns E 
and F give similar data for glycine and ethylenediamine as ex- 
amples of nitrogen-oxygen (N—O) and_ nitrogen-nitrogen 
(N—N) bidentate ligands, respectively. The K.orr of the 
metallocarboxypeptidases, and those of the nitrogen-sulfur 
series are closely correlated (Columns C and D); in both in- 
stances, the complexes with Zn++ and Cd++ are more stable 
than those of Co++ and Ni++. In contrast, there is no correla- 
tion between the constants of the metallocarboxypeptidases in 
Column C and those of the nitrogen-oxygen or nitrogen-nitrogen 
series in Columns E and F. 

Displacement of H+ Ions from Metal-Ligand Site of Apocar- 
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Fic. 1. The displacement of protons from apocarboxypeptidase 
CPD) by Zn** ions. The reaction was carried out at the pH 
values indicated by the experimental points in 1 m NaCl-0.00025 
M citrate at 25°. Protons reléased from the protein due to its 
interaction with Zn** ions were measured by means of a pH-Stat. 
The ratio of H* released to Zn** ion combined = 1 corresponds to 
0.32 + 0.01 wmole of Ht measured. The decrease of NaCl to 0.5 
M resulted in a shift of the pK, from 7.7 to 7.8. 


boxypeptidase—Knowledge of the pK of the groups to which 
zinc is bound would be a material aid in ascertaining the chemi- 
cal characteristics of the binding site. It has been shown previ- 
ously that H+ ions compete successfully with Zn*+ for the ligand 
below pH 5.5, but that zinc carboxypeptidase is stable at higher 
pH (1, 8). Hence, the dissociation of [(CPD)Zn] is negligible 
in the pH range from 7.0 to 9.5. We have, therefore, substi- 
tuted a discontinuous titration for the conventional continuous 
titration. Znt+ ions were added to the apoenzyme at fixed pH 
values between pH 7 and 9.5, and the displacement of hydrogen 
ions was measured to within 0.01 umole by keeping the pH of 
the mixture constant through the automatic addition of 0.01 
mM NaOH (22). 

The enzyme and metal ion concentrations were adjusted so 
that the release of 0.32 umole of H+ was equivalent to the re- 
lease of one hydrogen ion from the protein. Citrate, 0.005 m, 
was used in the zinc stock solution, giving a final concentration 
of 0.00025 m in the reaction mixture. The zinc-citrate complex 
keeps the metal in solution between pH 7 and 9.5, yet is not 
sufficiently stable to compete significantly with the protein for 
Zn*+; the pK, values of citrate are such that it does not impart 
buffering capacity to the solutions at these pH values. Sodium 
chloride, 1 M, is required for enzyme solubility, and a nitrogen 
atmosphere minimizes CO, uptake at the higher pH values. 

Two prototropic groups of the protein are involved in zinc 
binding; two hydrogen ions are released when zinc combines 
with the apoenzyme at pH 7.0 (Fig. 1). The first hydrogen is 
titrated completely between pH 7 and 8; the group from which 
it is displaced has a pKi app Of 7.7. The pKe app of the second 
ionization is 9.1. 

Substrate Specificities of Metallocarboxypeptidases—When as- 
sayed under standard conditions, the reconstituted metallo- 
carboxypeptidases hydrolyze carbobenzoxyglycyl-u-phenylala- 
nine at rates in the characteristic order Co > Ni > Zn > Mn. 


Metallocarboxy peptidases 
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When carbobenzoxyglycyl-L-tryptophan or benzoylglycyl-t. 
phenylalanine are used as the substrates, the activities of the 
cobalt enzyme are approximately equal to those of the zine 
enzyme in contrast to the rates observed with carbobenzoxy. 
glycyl-u-phenylalanine (Table II). The activities of nickel 
carboxypeptidase are much lower, whereas those of manganese 
carboxypeptidase are the same with all three substrates. Cop. 
per, lead, cadmium, and mercury carboxypeptidase do not hy. 
drolyze any of these peptides. Thus, the particular metal atom 
which occupies the single active site markedly and differentially 
affects the rates at which carboxypeptidase hydrolyzes peptide 
substrates. 

Carboxypeptidase, like other peptidases, hydrolyzes esters, 
one of which is hippuryl-dl-8-phenyllactate. With the excep. 
tion of copper carboxypeptidase, which hydrolyzes neither pep. 
tides nor this ester, the metallocarboxypeptidases incorporating 
the metals of the first transition series studied here also attack 
this ester substrate. However, mercury, cadmium, and lead 
carboxypeptidase exhibit esterase activities while being com- 
pletely inactive toward peptides; cadmium and mercury car. 
boxypeptidase, in fact, are more active than is the zinc enzyme 
(Table ID. 

The complete loss of peptidase activity observed on replacing 
zinc by mercury, cadmium, or lead made it important to deter- 
mine whether these metals occupy the same or different sites on 





the enzyme as zine and hence to discern whether the curtail- 
ment of the dual specificity for peptides and esters involves 
binding of these metal ions to the same or different sites of the 
molecule. To test this possibility, [((CPD)Zn®] was exposed to 
1 X 10-4 stable cadmium ions. Bound radioactive zine and 
proteolytic activity were determined simultaneously at various 
times (Fig. 2). The loss of peptidase activity correlates directly 
with the displacement of zinc, both being complete at 96 hours, 
when all zine is replaced by cadmium. In a separate experi- 
ment, [(CPD)Zn], the native enzyme, was exposed to Cd", | 
and esterase activity was measured (Fig. 2). As zinc is dis- 
placed, protein-bound Cd"™5 and esterase activity rise concur- 
rently to reach 1 g atom of cadmium per mole of enzyme: the 


TaBLeE II 
Peptidase and esterase activities of metallocarboxrypeptidases 














Popttines setting” rod 
(k X 10% 
[(CPD)Me]* —— 
! Cc D 
Carbobenzoxy-|Carbobenzoxy-| Benzoyl- Hippuryl-d!- 
glycyl-t- |  glycyl-1- glycyl-L- B-phenyl- 
phenylalanine| tryptophan | phenylalanine lactate 
{[((CPD)Zn] 7.5 2.8 5.5 1.15 
[((CPD)Co] 12.0 2.2 5.2 1.10 
[((CPD)Ni] 8.0 2.0 2.0 1.00 
((CPD)Mn] 0.6 0.6 0.6 0.40 | 
[(CPD)Cu] 0 0 0 0 
[(CPD)Hg] 0 0 0 1.34 
[(CPD)Cd] 0 0 0 | 1.95 
[((CPD)Pb] 0 0 0 | 0.60 } 


| 





2 Me, 1 g atom per mole of apoenzyme. 

’ Assays were carried out at pH 7.5, 0°, with 0.02 m substrate 
in 0.02 m sodium Veronal, containing 0.1 m NaCl. | 

¢ Assays were carried out at pH 7.5, 25°, with 0.01 M hippuryl- 
dl-8-phenyllactate in 0.005 m Tris, containing 0.1 m NaCl. The 
coefficient of variation for these measurements is 4%. 
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1.0 _ 17 the metal-free apocarboxypeptidase; furthermore, restoration of 

cd nceeians ,-4 q activity through the addition of metal ions is prevented when 

Wr the —SH group is blocked. Thus, the localization of the zinc 

wa mercaptide involved in activity is limited to one particular 

10.5 a 14) residue, cysteine, in the amino acid sequence of the apoenzyme. 

Cd Py iho Previous evidence also indicated that cobaltous ions, like 
9 ot/y ae zinc, bind to a sulfur group. These two ions are bound to the 
. NATIVE L(CPD)Zn} same site, as proven by exchange experiments (1). Hence, the 

_]00 y A eee eo specific activity of the cobalt enzyme, higher than that of the 
oem ca’? (164M) zinc enzyme, could not be attributed to the creation of an addi- 

‘ 6 | tional, active site, contrary to other reports (23). The spectral 

q at z CGP changes accompanying the formation of cobalt carboxypeptidase 
= % (C) show the formation of a mercaptide linkage with apocarboxy- 

05 he 3 peptidase. Cobalt carboxypeptidase exhibits a distinctive red 

‘ve color with an absorption maximum at 530 my and an extinction 

ca”2nero) 24°) ve, coefficient of 150 (1). The shift in the absorption maximum 

56 1 : . =r? a from 512 my in the hydrated cobaltous ion to 530 my in 








(0) 24 48 72 96 
TIME (HOURS) 

Fic. 2. Effect of cadmium replacement on peptidase and ester- 
ase activities of zinc carboxypeptidase. The lower graph shows 
|((CPD)Zn®] exposed to Cd** ions, zine content of the enzyme, and 
its peptidase activity as functions of time. The upper graph 
shows [(CPD)Zn] exposed to Cd"™5**, cadmium content of the en- 
zyme and its esterase activity as functions of time. Both experi- 
ments were performed in a medium containing 1 m NaCl-0.05 m 
Tris, pH 8.0, 4°. Peptidase assays were performed with 0.02 m 
carbobenzoxyglycyl-L-phenylalanine-0.1 m NaCl, 0.02 m sodium 
Veronal, pH 7.5, 0°, and are expressed as the proteolytic coeffi- 
cient,C. Esterase assays were performed with 0.01 m hippuryl-dl- 
8-phenyllactate-0.1 m NaCl-0.001 m Tris, pH 7.5, 25°, and are ex- 
pressed as the zero order velocity constant, k X 10-%. W, Zn® 
bound to 1 X 10-4 m [(CPD)Zn®5], exposed to 1 X 10-4 m Cd** at 0 
time; @, proteolytic coefficient, C, of 1 X 10-4 m [(CPD)Zn®], 
exposed to 1 X 10-4 m Cd** at 0 time; A, Cd"'*** bound to 1 X 
10 m [((CPD)Zn], exposed to 1 X 10-4 m Cd!!5** at 0 time; 9, 
esterase activity, k X 10-8, of 1 X 10-4 m [((CPD)Zn], exposed to 
Cd"5++ at 0 time. The dashed curves (---—) represent peptidase 
and esterase activities calculated on the basis of the mole frac- 
tions of [((CPD)Zn] and [(CPD)Cd] present at any given time. 


esterase activity rises from 1.15, that of [((CPD)Zn], to 1.75, 
characteristic of [((CPD)Cd]. Chemical measurements of cad- 
mium and zine at the termination of the experiment confirmed 
the replacement of zinc by cadmium. The concurrent loss of 
peptidase and increase in esterase activities, predicted on the 
basis of the mole fractions of [(CPD)Cd] and [(CPD)Zn] present 
at any one time, coincide with the experimental data. Analo- 
gous results were obtained when cadmium was displaced from 
\((CPD)Cd] by Zn**++. Therefore, cadmium occupies the same 
site as zine. 

The experiments with [(CPD)Hg] were performed in similar 
fashion and are directly analogous to those with [(CPD)Cd]. 
Peptidase activity is lost as mercury displaces zinc, while ester- 
ase activity increases slightly, although significantly, through- 
out the time course of the exchange until 1 g atom of mercury 
per mole of enzyme is incorporated (Fig. 3). 


DISCUSSION 


These data confirm and extend past observations and hy- 
potheses indicating the active center of native carboxypeptidase 
to consist of a zinc atom bound to a sulfur and nitrogen atom 
(2, 4). It may be recalled that neither the native nor the re- 
constituted zinc enzymes interact with reagents specific for 
mereapto groups, whereas one —SH group is readily titrated in 


{[(CPD)Co], together with the increase in the extinction coeffi- 
cient from 10 to 150, suggest binding to sulfur (24). 

Similar binding of nickel, manganese, mercury, and cadmium 
to a sulfur atom is indicated by the relative order of the stability 
constants for the respective metallocarboxypeptidases which 
follow that expected for a sulfur containing ligand. The sulfur- 
nitrogen nature of the bidentate binding site is implied by the 
magnitude of the stability constants and by the release of two 
H+ ions on combination of the apoenzyme with Zn*+ ions. The 
participation of a nitrogen atom as the second donor atom in 
binding zine to apocarboxypeptidase was deduced from a num- 
ber of considerations (4), which apply to this series of metallo- 
carboxypeptidases. 
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Fig. 3. Effect of mercury replacement on peptidase and ester 
ase activities of zinc carboxypeptidase. Lower curve, [((CPD)Zn®5 
exposed to Hg** ions, zinc content of the enzyme and its peptidase 
activity as functions of time. Upper curve, simultaneous increase 
in esterase activity and the mercury content at the end of 96 hours. 
The conditions are as in Fig. 2. W, Zn®* bound to 1 X 10°* m 
[(CPD)Zn®*], exposed to 1 X 10-3 m Hg* at 0 time; @, proteolytic 
coefficient, C, of 1 X 10-4 m [(CPD)Zn*®], exposed to 1 X 10"? m 
Hg** at 0 time; @, esterase activity, k X 107%, of 1 X 
10-4 m [((CPD)Zn*®], exposed to 1 X 10°? m Hg* at 0 time; A, 
mercury bound to the enzyme after 96 hours of dialysis of [(CPD)- 
Zn*] against 1 X 10°? m Hg**. The dashed curves (---) rep- 
resent peptidase and esterase activities calculated on the basis of 
the mole fractions of [((CPD)Zn] and [((CPD)Hg] present at any 
given time. 
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The ranking order of stability constants for the complexes of 
a series of metal ions with simple ligands is found to be charac- 
teristic of its constituent donor atoms. Thus, when nitrogen 
and nitrogen or nitrogen and oxygen function in this capacity, 
the ranking order for the stability constants of metal complexes 
of interest here follows the sequence Hg++ > Cut++ > Ni++ > 
Cott > Znt+ > Cd+ > Fet+ > Mnt*+ (25-27), as is apparent 
from the examples shown in Table I, Columns E and F. It 
should be noted that the stability of the nickel and cobalt com- 
plexes is equal to or greater than that of the zine and cadmium 
complexes. 

The substitution of sulfur for one of the donor atoms, to yield 
a sulfur-nitrogen ligand, brings about marked changes in this 
sequence, which becomes Hg++ > Cdt++ > Zn*++ > Nit+ > 
Cot+ > Fe++ > Mn*+, copper being indeterminate because of 
the oxidation of the mercapto group (20, 21) (Table I, Column 
D). The complexes of cadmium and zine are now distinctly 
stabilized over those of cobalt and nickel, the characteristic 
feature of the sulfur ligand series (25, 26, 28). 

Hence, through the determination of the stability constants 
of such a series of metal complexes, the donor atoms of the 
metal-binding site of an organic ligand may be determined. 
If the same considerations can be shown to apply for metallo- 
enzymes, a method for the identification of the ligand groups of 
the corresponding apoenzymes is at hand. 

The sequence of the stability constants of the metallocarboxy- 
peptidases studied here is in the order Hg++ > Cdt+ > Znt+ 
> Nit+ > Cot++ > Mn, analogous to that of the sulfur-con- 
taining ligands (Table I, Columns C and D). It has been sug- 
gested (3) that the correlation both of the sequence and of the 
magnitudes of the constants implies that nitrogen and sulfur 
donor groups are the common denominator for metal binding of 
apocarboxypeptidase and the bidentate ligands in Table I, Col- 
umn D. Hence, it would follow that all of the metals of this 
series interact with the sulfur-nitrogen site of apocarboxypepti- 
dase, in the manner of site-specific reagents. 

These interpretations are supported by evidence obtained in- 
dependently from measurements of the release of H+ ions from 
apocarboxypeptidase on addition of Zn*++ ions at pH 7. The 
ionizations of the two donor groups are well separated and can, 
therefore, be determined quite accurately to correspond to pK 
values of 7.7 and 9.1, respectively, under the experimental condi- 
tions here used (Fig. 1); these conditions were not designed to 
evaluate the contribution of ionization of neighboring groups, 
the dielectric constant of the medium, its ionic strength, electro- 
static effects or hydrogen bonding, all well known to modify 
the acid-base properties of amino acids when incorporated into 
proteins (29-32). 

The acid-base properties of a-amino and imidazolium groups 
are most pertinent to the assignment of the pK, of 7.7 to a group 
of carboxypeptidase. This value is certainly compatible with 
those published for a-amino groups, varying from 7.7 to 7.9 in 
peptides (30) or from 7.45 to 7.9 in proteins (33, 34). Aspara- 
gine contributes the single a-amino group of carboxypeptidase 
(35). 

An imidazole group, however, is not eliminated readily from 
consideration. The pK, of the imidazolium group of histidine 
is thought to be between 5.6 and 6.8 in peptides (30) and from 
titration data has been assigned values from 6.4 to 7.0 in pro- 
teins (33, 34, 36-38). The upper range of ionization of imidaz- 
oles has even been thought to extend to pH 8, although this in- 


terpretation of the titration data does not take account of the 
contribution of a-amino groups (31). The possibility of a much 
lower pK has been mentioned for the especially reactive histi- 
dine group of ribonuclease (39, 40). An a-amino group seems 
to us the one most likely to be involved in metal binding of 
carboxypeptidase; precise identification, however, must await 
the results of analytical work now in progress. 

The pK, of the second group, 9.1, could correspond to that of 
an —SH group, in accord with the values obtained for —SH 
groups of peptides (28) or, less likely, to that of an e€-amino 
group (38). This problem is somewhat simplified since the 
participation of the sole mercapto group of carboxypeptidase 
in zine binding has been demonstrated analytically (2). 

Thus, although there is a single binding site of apocarboxy- 
peptidase, its complexation of different metals imparts different 
specific activities to carboxypeptidase towards a given substrate, 
It has been demonstrated previously and is here confirmed that 
carboxypeptidases formed by complexation with metals of the 
first transition series, including manganese, nickel, cobalt, and 
zinc, attack substrates containing the peptide nitrogen or the 
oxygen of the ester bond (1, 4). Remarkably, enzymatic hy- 
drolysis can be restricted to esters: complexes of apocarboxy- 
peptidase with the group II B elements cadmium and mercury 
or with lead exhibit esterase activity only, but do not hydrolyze 
the synthetic peptides tested thus far (Table II). The exper- 
ments in which the zinc atom of carboxypeptidase is exchanged 
for either mercury or cadmium (Figs. 2 or 3) demonstrate more- 
over that the same site of the enzyme is involved in binding all 
of these, as demonstrated already for cobalt (1); hence, the 
simultaneous increase in esterase activity and the abolition of 
peptidase activity accompanying this replacement cannot be 
attributed to complex formation of these metals with a different 
site of the apoenzyme. This curtailment of the dual enzymatic 
specificity of native carboxypeptidase is particularly striking on 
comparing the rates of hydrolysis of benzoylglycy]-t-phenyl- 
alanine and hippuryl-dl-8-phenyllactate, structurally differing 
only by the substitution of the ester for the peptide bond (Table 
if). 

Thus, the metal atom known to function in substrate binding 
(41) also plays a role in the determination of enzymatic specific- 
ity. The coordination of the respective nitrogen or oxygen 
atoms of the substrates with the metal atom of the active enzy- 
matic center will likely prove significant in detailing the mecha- 
nism of carboxypeptidase action. Many analogous aspects of 
the catalytic action of metals in peptidases have been discussed 
(42, 43). 

The role of metal ions in the action of carboxypeptidase is 
apparent in yet another manner. Under standard conditions of 
assay, the relative order of catalytic efficiencies of different 
metallocarboxypeptidases varies as a function of the primary 
structure of the synthetic peptide substrate. Thus, the ranking 
order Co > Ni > Zn > Mn observed previously for carbobenz- 
oxyglycyl-t-phenylalanine (1) is confirmed here and is pre 
served for a wide range of substrate concentrations, ioni¢ 
strengths, and other conditions of assay (4), but it is inverted 
to Zn > Co > Ni > Mn for both carbobenzoxyglycyl-L-trypto- 
phan and benzoylglycyl-t-phenylalanine and also the ester sub- 
strate, hippuryl-dl-8-phenyllactate. 

The exact chemical mechanism responsible for these striking 
changes in catalytic activity, brought about by the different 
metals in conjunction with the same apoenzyme operating 00 
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different substrates, remains to be determined, although the 
groups of the protein responsible for binding the metal are be- 
5 

coming apparent.’ 


SUMMARY 


Apocarboxypeptidase forms enzymatically active complexes 
with a series of metal ions. The stability constants are in the 
order Hg*+ > Cd** > Znt* > Nit > Cot* > Mn*. Both 
the order and the magnitudes of the constants correlate closely 
to those found to be characteristic of nitrogen-sulfur ligands, 
implying that in carboxypeptidase a nitrogen-sulfur site binds 
metal ions to result in enzymatic activity. This interpretation 
is supported by titrations showing two metal binding groups 
with pA values of 7.7 and 9.1, respectively, compatible with 
published values for a-amino and —SH groups. A zine mer- 
captide at the active center of carboxypeptidase has been dem- 
onstrated (2). Manganese, cobalt, nickel, and zine carboxy- 
peptidase hydrolyze both peptides and an ester substrate, 
hippuryl-di-8-phenyllactate. The ranking order of peptidase 
activities for these metal atoms varies as a function of the 
primary structure of the synthetic peptide substrate. Mercury, 
cadmium, and lead carboxypeptidases exhibit marked esterase 
activity but do not hydrolyze the synthetic peptides tested so 
far. Equilibrium dialysis experiments in which the zinc atom 
of carboxypeptidase is exchanged for mercury or cadmium dem- 
onstrate that the same site of the enzyme is involved in binding 
all of these, as shown previously for cobalt (1). The evidence 
suggests that the active center of native carboxypeptidase A 
includes one sulfur, one nitrogen, and one zine atom. 
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In the first report (1) of this series, we described a spectroscopic 
method for the determination and differentiation of the azo dyes 
resulting from coupling of arsanilic acid and related compounds 
with tyrosine and histidine. The bisazo compound of tyrosine 
and the bisazoamino compound of lysine were also characterized. 
In the second paper (2) we showed that the spectroscopic method 
can be applied to the products obtained by coupling diazotized 
arsanilic acid with a few representative proteins. 

Landsteiner and other early investigators of azoproteins were 
interested in the immunological properties of these compounds. 
They tacitly assumed that the “haptene” was attached to 
aromatic residues, without further studying quantitative relation- 
ships, the influence of pH, and other factors. That residues 
other than aromatic amino acids are involved in the coupling 
reaction was observed by Friedheim,! who had noticed that some 
of the coupled azo residues are cleaved off by dilute acid. Gele- 
witz et al. (3) ascribed the excess of arsenic over the number of 
azo groups, which are titratable with titanous chloride, to the 
formation of bisazoamino compounds from aliphatic w-amino 
groups, a reaction which had been reported by Busch et al. (4). 

A comparison of the figures for the coupling products of native 
bovine serum albumin, acetylated to varying degree, showed an 
increase in the percentage of haptene coupled with tyrosyl and 
histidy] radicals. For example, with equivalent amounts of 
haptene (see under “Experimental Procedure”) at pH 9, the 
percentages were 46 for nonacetylated bovine serum albumin 
(Table III (2)), and 71 for 87% acetylated bovine serum albumin 
(Table I). We have now duplicated this finding in the case of 
p-aminobenzoic acid; other aspects of N-acetylation will be 
discussed below. 

The complete N-acetylation of bovine serum albumin is ac- 
companied by acetylation of the phenolic hydroxyl groups of the 
tyrosyl residues. Subsequent treatment with alkali permits 
partial or complete hydrolysis of the acetoxy groups. The 
acetylation of phenolic hydroxyl blocks the coupling reaction, 
but it will be shown that in the case of p-aminobenzoic acid 
coupling this effect is specifically absent. 

We shall also show that part of the diazotized haptene is in- 
corporated in the protein without coupling. 


EXPERIMENTAL PROCEDURE 


Acetylation of Bovine Serum Albumin—Crystallized bovine 
serum albumin, obtained from Armour Pharmaceutical Com- 


* This work was supported by Research Grant E-1543 from the 
National Institutes of Health. 
1E. A. Friedheim, personal communication, 1942. 


pany, was acetylated at pH 8 by the method described (2), 
By this procedure 98% of the free amino groups were acetylated, 
This was checked by the ninhydrin method of Harding and 
MacLean (5), which had been adapted to total volumes of 10 
ml instead of 50 ml. The amount of acetylated tyrosyl hy. 
droxyl groups was determined by the method of Herriott (6), 
also previously cited. The hydroxyacetyl groups were hydro. 
lyzed by a procedure similar to Herriott’s “pH 8 to 11’’ method, 
namely by stirring acetyl bovine serum albumin containing 
about 80 to 85% O-acetyl, in about 0.5% buffered solution, pH 
11.5, at 37° for 1 hour. The amount of free phenolic hydroxyl 
groups was determined by the method of Folin and Ciocalteu. 

Coupling with Arsanilic Acid—The azoproteins, obtained 
by coupling with diazotized arsanilic acid, were prepared, and an- 
alysis for total nitrogen and arsenic and the spectrophotometrie 
determination of azotyrosyl and azohistidyl groups was carried 
out as previously described (2). The amount of diazo reagent 
used in most experiments was equivalent to the sum of 19 tyrosyl 
and 18 histidyl groups per mole. In the experiments with 
0.05 m haptene, a 5-fold excess was used. 

Coupling with p-Aminobenzoic Acid—The azoproteins obtained 
by coupling with diazotized radioactively labeled p-aminoben- 
zoic acid were prepared at various pH values with use of the 
previously described buffer system (2). The diazo reagent was 
made up in 0.01 M concentration in about 15 ml batches con- 
taining 1 part of p-aminobenzoic acid labeled with C"™ in the 
carboxyl group to 4 to 6 parts of unlabeled p-aminobenzoic 
acid, depending on the specific activity of the radioactive com- 
pound used. This amount was sufficient for testing the molarity 
with resorcinol by the method of Koltun (7), and for cou- 
pling and counting. To obtain the counts per second, sufh- 
ciently small aliquots of both the diazo reagent and the coupled 
and dialyzed protein were evenly spread and dried on round 
aluminum planchets approximately 3 cm in diameter which 
were placed in a Packard thin window gas flow counter. The 
actual counts were in the range of 25 to 75 counts per second for 
samples of about 50 wg of substance. By comparing the counts 
from the diazo reagent containing a known fraction of p-amino- 
benzoic acid with those from the azo protein solutions of known 
nitrogen contents, the number of moles added p-aminobenzoie 
acid per mole of protein (assuming a molecular weight of « 1,000) 
could be calculated. 

Hydrolysis and Ether Extraction—The azoproteins were hy- 
drolyzed for 16 hours under reflux in 6 N hydrochloric acid, the 
solution was evaporated to dryness, and the residue taken up il 
water. This was repeated several times to evaporate the excess 
of hydrochloric acid. The final solution which was still acid 


2250 





Aug 


Coup 


Experi 
ment 
No. 


Noo fF Who 


co Co 


_ 
o 





*! 


albu 
78% 


(abo 
wate 
for « 
P 
p-hy 
wer‘ 
mat 
wat 
the 
(9). 
plar 
hyd 
for 


per 
age 


bed (2), 
ety lated, 
ling and 
es of 10 
osyl hy- 
‘lott (6), 
e hydro- 
method, 
taining 
tion, pH 
hydroxyl 
rcalteu, 
obtained 
, and an- 
tometrie 
Ss carried 
) reagent 
9 tyrosyl 
nts with 


obtained 
ninoben- 
se of the 
gent was 
‘hes con- 
14 in the 
1\obenzoie 
‘ive com- 
molarity 
for cou- 
nd, sufli- 
> coupled 
on round 
er which 
er. The 
econd for 
he counts 
p-amino- 
of known 
1obenzoie 


vf + 1,000) 


were hy- 
acid, the 
ken up iD 
the excess 
still acid 


August 1961 





TaBLe I 
Coupling of bovine serum albumin with arsanilic acid at pH 9 


a | 











As 
ee | tte | ee 
ment Fone | Protein Arsenic | | 2h | histidine a = — 
No. | | | com- 

| | | | |pound 
a | atoms/ | ie of 7 
M | mole | moles/mole protein tot 1 
| | protein | _ 
1 | 0.01 | BSA* | 6.50} 1.58) 1.38 | 46 | (2) 
2 | 0.01 | 87-N-BSA | 12.50| 5.70| 3.14| 71 | (2) 
3 | 0.01 | 98-N-BSA | 20.83 | 15.78 | 3.62 | 90 
4 | 0.01 | 98-N-BSA | 20.10 | 15.59 | 2.11 88 
5 0.01 | 22-0,98-N-BSA | 12.15 | 8.66. 2.89 | 95 
6 0.01 | 78-0,98-N-BSA | 6.56 | 2.73 | 2.92 | 86 
7 | 0.01 | 83-0,98-N-BSA | 6.26| 2.74 | 2-90 | 90 | @) 
g | 0.05| BSA | 29.00 | 13.90 | 3.58) 60 | (2) 
9 | 0.05 | 98-N-BSA | 60.60 | 17.0 | 16.0 | 55 
10 | 0.05 | 78-0,98-N-BSA | 51.40 | 15.0 | 14.5 | 57 





* The abbreviations used in the tables are: BSA, Bovine serum 
albumin; 98-N-BSA, 98% N-acetylated BSA; 78-0,98-N-BSA, 
78% 0, 98% N- pom Ses BSA, ete. 


(about pH 2) was extracted 4 times with ether. The ether and 
water extracts were made up to volume and aliquots taken out 
for counting, total nitrogen determination, and chromatography. 

Paper Chromatography—Labeled p-aminobenzoic acid, labeled 
p-hydroxybenzoic acid, and the solutions to be analysed 
were each placed on 4-cm-wide strips of Whatman No. 1 chro- 
matography paper, and developed with benzene-acetic acid- 
water (2:2:1) (8) in a descending system. After 5 to 6 hours, 
the strips were dried and sprayed with diazotized arsanilic acid 
(9). The papers, cut into strips 2 cm long, were placed on a 
planchet in the counter. The labeled components in the protein 
hydrolysates could be identified from the Rr values obtained 
for the standards and evaluated by counting. 


RESULTS 


Coupling with Bovine Serum Albumin—The reaction of native 
bovine serum albumin with diazotized arsanilic acid and with 
diazotized p-aminobenzoic acid results in products in which only 
40 to 60% of the total haptene incorporated is bound as chromo- 
genic azo groups (Table I, Experiments 1 and 8, Table II, Ex- 
periments 1 and 2). 

Coupling of Arsanilic Acid with Acetylated Bovine Serum AIl- 
bumin—Coupling of O- and N-acetylated protein with diazotized 
arsanilic acid leads to azoproteins in which 90% of the haptene 
is accounted for spectroscopically as azo residues. Preparations 
of this nature will be best suited for immunological purposes 
because of the uniformity of the binding; however, the amount 
of haptene incorporated in the molecule is rather low (Table I, 
Experiments 6 and 7). Lowering the acetoxy titer from 78 to 
22% increases the haptene formation to double its value with- 
out lowering the “purity,” i.e. the percentage of azo groups 
(Table I, Experiment 5). 

Complete scission of the acetoxy groups leads to the N-acety- 
lated protein. Here the amount of diazotized arsanilic acid 
used as haptene may be increased to as high as 20 equivalents 
per mole without lowering the high percentage of true azo link- 
ages (Table I, Experiments 3 and 4). 

Coupling of p-Aminobenzoic Acid with Acetylated Bovine Serum 
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Albumin—In the case of p-aminobenzoic acid we never find 
more than two-thirds of the haptene bound as azo component 
(Table II). The noncoupled haptene, given under Ap-amino- 
benzoic acid in Column 7, is a rather constant fraction for O- 
and N-acetylated and N-acetylated bovine serum albumin. 
The amount of actually coupling p-aminobenzoic acid per mole 
of protein increases with pH (Table III). An unexpected fea- 
ture is encountered with p-aminobenzoic acid where neither the 
total number of haptene molecules nor their distribution be- 
tween azo and nonazo binding is affected by the presence of 
acetoxy groups. 

These observations lead to two conclusions: (a) The strongly 
nucleophilic carboxyl group of diazotized p-aminobenzoic acid 
hydrolyzes the O-acetyl bonds; (6) a significant number of 
haptene molecules, over 30% of them at pH 9, and higher per- 
centages at lower pH values, are bound to the protein in some 
other form. As one deals with a completely N-acetylated pro- 
tein, this observation cannot be explained by reaction of the 
¢-amino groups of lysine. 

In order to identify the nature of the radioactive material 
that is not accounted for by the spectroscopic evaluation of the 
azo groups, the protein was hydrolyzed with 6 n hydrochloric 
acid for 20 hours. On extraction of the aqueous hydrolysate 
with ether, p-aminobenzoie acid was found in both fractions. 
A second compound, present in the ether fraction only, was 
identified as p-hydroxybenzoic acid by its Rr value. The radio- 
activity of the hydrolysate was completely recovered in the 
sum of the counts for the two fractions. Disregarding a minor 
portion in the aqueous extract which remained at the point of 
application, we found the ratio of p-aminobenzoic acid to p-hy- 
droxybenzoic acid in the ether extract to be 3:2. The radio- 
activity remaining in the aqueous extract was 28% of the total. 
Thus, we identified 28 + (3 X 72/5) = 71 ba as p-amino- 
benzoic acid and 29 parts as p-hydroxybenzoic acid. This pro- 
portion closely parallels the ratio of coupled haptene (14.24 
equivalents) to noncoupled radioactive residue (7.26 equivalents) 
obtained at pH 9. 

An analogous experiment at pH 7 showed a distribution in 
the hydrolysate of p-aminobenzoic acid to p-hydroxybenzoic 
acid in the ratio of 1:3. In satisfactory agreement, the figures 
for diazotized haptene were 2.4 moles as against 9.6 moles for 
Ap-aminobenzoic acid. 














TABLE IT 
Coupling of bovine serum albumin with p-aminobenzoic acid at pH 9 
& | Amino- 
oo A 5 Azo: ZO a2 wy 
- : mino - Azo- wo | 
Lone Prono | Protein benzoic | tyrosine ihisitidine < ee} jcoupled 
No. acid “a3 2 | as azo 
| 4 | com- 
| | | | pound 
| -# | moles/mole protein | po 
1 | 0.01 | BSA 20.1 | 5.42| 2.58 | 12.1 | 40 
2 | 0.01 | BSA 18.5 | 6.06 | 1.58 | 10.9 | 41 
3 | 0.01 | 98-N-BSA bs. 5|10.00| 4.24] 7.3! 66 
4 | 0.01 | 80-0,98-N-BSA | 22 10.51 | 4.64} 7.2| 68 
5 | 0.05 | 98-N-BSA | ip 17.0 17.0 | 25.7 | 57 





*Ap-Aminobenzoic acid = the difference between total p- 
aminobenzoic acid (radioactive count) minus coupled p-amino- 
benzoic acid (spectroscopy). 
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TABLE III 


Coupling 98% N-acetyl bovine serum albumin with 0.01 
M diazotized p-aminobenzoic acid 





| p-Amino- 
- | - | benzoic 
| pH Radio- |Amino-| Azo- i og acid 
activity — tyrosine | “gine ‘Scud — 
compound 
: counts : | 
sec/mg moles/mole protein | % of total 
protein* | 
A. With 80-| 7 106 8.8 0.82 | 0.79 7.2 19 
85% O-ac- 8 301 15.2 3.58 | 3.32 9.3 45 
etyl 9 568 | 22.4 | 10.51 | 4.64 7.2 | 68 
10 853 27.6 | 14.20 | 3.92 9.5 | & 
B. With no 7 305 | 12.1 1.68 | 0.78 9.6 20 
O-acetyl] | 8| 868 | 15.9| 3.34/ 1.72! 10.8 32 
9 1295 21.5 | 10.00 | 4.24 (ie: 66 
10 1395 30.5 | 13.76 | 4.28 12.5 | 5&8 





* Counts/see run parallel, but not proportional to p-amino- 
benzoic acid moles/mole protein, as the specific activity of p- 
aminobenzoic acid varied from sample to sample. 


DISCUSSION 


In most work on the chemistry of azoproteins, arsanilic acid 
has been used as haptene. The availability of radioactively 
labeled p-aminobenzoic acid permitted us to compare the action 
of arsanilic acid with that of a more physiological compound. 
In the course of these studies, we observed significant differ- 
ences between the action of the two haptenes. Besides, the 
radioactive label enabled us to clarify the fate of that part of 
the diazo reagent which was bound to the protein by a reaction 
other than azo coupling. : 

Striking differences between diazotized arsanilic acid and 
diazotized p-aminobenzoic acid were observed in their coupling 
with O- and N-acetylated bovine serum albumin. One might 
expect that the coupling of diazotized products would be in- 
versely proportional to the percentage of O-acetylation. This 
is true for arsanilic acid. The arsenic found in the coupling prod- 
uct with O- and N-acetylated and N-acetylated protein corre- 
sponds almost quantitatively to the content of azo groups deter- 
mined by spectroscopy. Quite unexpectedly, coupling with 
diazotized p-aminobenzoic acid was found to be independent of 
the percentage of O-acetylation. 

Upon coupling with p-aminobenzoic acid, a significant por- 
tion of the radioactivity found in O- and N-acetylated and 
N-acetylated protein cannot be attributed to azo radicals as 
shown spectroscopically. This is particularly apparent at the 
lower pH values where less azo coupling is expected. Inasmuch 
as the quantity of the haptene not bound by coupling is signifi- 
cant, we investigated its nature. When the protein preparation 
was subjected to hydrolysis with strong mineral acid, p-amino- 
benzoic acid was regenerated from its coupling products. Re- 
ductive cleavage of the azo group by strong mineral acid has 
been observed by Wallach and Koelliker (10). Chromato- 
graphic analysis of the hydrolysate and its ethereal extracts 
yields a substantial amount of p-hydroxybenzoie acid, presuma- 
bly formed by loss of nitrogen from noncoupled diazo com- 
pound. Because separate experiments show that p-hydroxy- 
benzoic acid is not simply absorbed by the protein, we are led 
to the conclusion that the diazo compound is firmly enmeshed 
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in the protein, so that it may only be liberated during hydroly. 
sis; at the same time it loses nitrogen and yields p-hydroxybep. 
zoic acid. Since p-diazobenzoic acid is an ampholyte, it could 
be bound to negative as well as positive residues and, on the 
other hand, to basic groups. Whereas we know that the e-aming 
groups have been blocked by acetylation, we assume that at 
least some of the guanidino groups of the arginy] residues re. 
main intact. The pK values of the carboxyl groups and of the 
guanidino group are such that the former will remain negatively 
and the latter positively charged, throughout the entire mi 
range from 7 to 10. This would explain the independence from 
pH of the binding of the haptene within this range. The ratio 
of p-aminobenzoic acid to p-hydroxybenzoiec acid in the by. 
drolysate corresponds to the ratio of coupled to otherwise 
bound haptene. 

The coupling of O-acetylated tyrosyl must be preceded by 
hydrolysis of acetoxy groups. We suggest that the nucleo. 
philic carboxylate ion participates in the cleavage of O-acety| 
groups. Thus, phenolic groups will be liberated and will render 
coupling possible. This postulate was confirmed by the ob. 
servation of a significant increase, from 10 to 30% calculated on 
the total tyrosine content, of the free phenol groups (determined 
by the Folin-Ciocalteu reaction), upon coupling of O- and N-acet- 
ylated as well as of N-acetylated bovine serum albumin with 
diazotized p-aminobenzoic acid. The specific effect of the car- 
boxyl group must be based on its proximity and possibly its 
steric situation in regard to some of the acetoxy groups. 

The difference of reactivity between diazotized arsanilic acid 
and p-aminobenzoic acid is not observed when large quantities 
of arsanilic acid (5 equivalents) are used. Under these condi- | 
tions, no difference in degree of coupling of arsanilic acid is 
found when either O- and N-acetyl bovine serum albumin or 
N-acetyl bovine serum albumin is used. A considerable excess 
of arsenic over that accountable by the coupling reaction is now 
found in the protein. We presume that in the latter instance 
arsenate ion is also acting as a nucleophilic reagent in the hy- 
drolysis of the O-acetyl group. 


SUMMARY 


The reaction of bovine serum albumin and of its N-acetyl and 
O-acetyl derivatives with radioactive diazotized p-aminobenzoic 
acid has been studied. The reaction products obtained with 
arsanilic acid have been compared with one another. 

When arsanilic acid is used as haptene, 90% of it is accounted 
for as azo residues. With p-aminobenzoic acid, the amounts 
coupled to tyrosine and histidine increase parallel to the pH 
during the coupling reaction and reach a figure of about 18 equiv- 
alents at pH 10. This proportion never comprises more than 
about two-thirds of the total incorporated. The quantity of 
the non-azo portion is rather constant, about 9 equivalents, and 
is independent of the pH. The two different forms of binding 
are reflected by the nature of their products upon acid hydroly- 


SIS. 





A comparison of azo-N-acetyl bovine serum albumin and 
azo bovine serum albumin permits the evaluation of coupling 
with ¢-amino groups of lysine. A comparison between O- and 
N-acetyl bovine serum albumin and N-acetyl bovine serum 
albumin shows no difference in the amount of coupling with 
p-aminobenzoic acid, whereas coupling with arsanilic acid 
strongly hindered by the acetoxy groups. We conclude that 
the nucleophilic carboxy] group of p-aminobenzoic acid specif | 
cally hydrolyzes these acetoxy groups. 
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Argininosuccinate synthetase catalyzes the adenosine triphos- 
phate-dependent condensation shown in Reaction 1. 


Citrulline + aspartate + ATP 


cs ‘ (1) 
= argininosuccinate + AMP + PP; 


The new C—N bond in the guanidino group of argininosuccinate 
is formed by removal of the elements of water and the hydroly- 
sis of ATP (1, 2). Evidence that the cleavage of ATP is cou- 
pled directly to the dehydration is shown in the present investi- 
gation by the transfer of O'8 from the ureido group of citrulline 
to the AMP moiety of ATP. 

The demonstration that citrulline is the amino acid that is 
activated by ATP suggested that the condensation reaction 
might through the formation of adenylocitrulline 
(adenosine-phosphoryl-citrulline) as intermediate. This possi- 
bility has been investigated by means of labeled adenosine nu- 
cleotides and P**-labeled pyrophosphate. : 

The enzyme preparation used for these studies was purified 
about 80-fold from steer liver. At this stage of purity the syn- 
thetase is free of adenylate kinase and inorganic pyrophospha- 
tase which interfere with the mechanism studies. The new 
steps added to the purification procedure were particularly 
effective in removing the large amounts of adenylate kinase 
present in liver preparations. 


proceed 


EXPERIMENTAL PROCEDURE 





Materials—The enzymes adenylate kinase, pyruvate kinase, 
and lactic dehydrogenase were obtained from C. F. Boehringer 
and Soehne, Mannheim, Germany. Calf intestinal ‘alkaline 
phosphatase was obtained from the Sigma Chemical Company. 
Arginine desiminase (4) and inorganic pyrophosphatase (1, 5) 
were prepared as previously described. Water labeled with O'% 
containing 1.60 atoms % excess O'8 was obtained from Dajac 
Laboratories, H3P*O, from the Oak Ridge National Labora- 
tories, AMP-C* labeled in carbon 8 from Schwarz Laboratories, 
uniformly labeled tL-aspartic acid-C' from the Nuclear- 
Chicago Corporation and DEAE-cellulose from Brown Com- 
pany, New Hampshire. 

Enzyme Units and Methods of Assay—Argininosuccinate-syn- 


* Aided by Grant No. A-3428 from the National Institutes of 
Health, United States Public Health Service. 

7+ Predoctoral Fellow, National Institute of Health. Taken in 
part from a doctoral dissertation submitted to the faculty of New 
York University. 

1 A preliminary report has appeared (3). 


thesizing activity was estimated by either of two methods. The 
first method follows the disappearance of citrulline (6) and js 
applicable to relatively crude preparations if they are free of 
argininosuccinate-cleaving activity; the second is a spectro. 
photometric method developed for rapid assay and is applicable 
to enzyme preparations relatively free of ATPase (2). The 
same enzyme unit is used for both assays. One unit catalyzes 
the disappearance of 1 umole of citrulline or the formation of | 
umole of product per hour at 38°. Values obtained spectro- 
photometrically were corrected for 38° according to an observed 
Qio of 2.0. Specific activity is expressed as units per mg of 
biuret protein. 

Inorganic pyrophosphatase was assayed as previously de- 
scribed (1, 5). 
P; liberated at 38° per mg of biuret protein per hour. Adenyl- 
ate kinase was assayed according to the method of Kornberg 
and Pricer (7). Specific activity is expressed as micromoles of 
AMP utilized (one-half the DPNH utilized) per mg of protein 
per hour at the temperature of the Beckman cuvette, usually 
about 28°. Arginine desiminase was assayed as previously de- 
scribed (4). One unit catalyzes the formation of 1 umole of 
citrulline per hour. Alkaline phosphatase was assayed by fol- 
lowing P; release from AMP. One unit catalyzes the formation 
of 1 umole of P; per hour. 


Purification of Argininosuccinate Synthetase from Steer Liver 

A procedure for preparing extensively purified enzyme from 
hog kidney has recently been described (2) but was not directly 
applicable to the liver enzyme for which the following purifica- 
tion procedure was developed. All steps were carried out at 0° 
unless specified otherwise. The pH of all buffers was measured 
at 0.1 mM and 25°. 

Initial Steps—The extract prepared from 500 g of steer liver 
acetone powder was fractionated with ammonium sulfate and 
fractionally eluted from Cy gel as previously described (8). 
Eluates containing the synthetase were combined (10,500 ml) 
and the protein precipitated by the addition of 4,800 g of am- 
monium sulfate. The precipitate was dissolved in 80 ml of 
0.02 m Tris buffer, pH 7.5, to give 115 ml containing approxi 
mately 65 mg of protein per ml. This fraction had a specific 
activity of 18 for synthetase activity and was very high im 
adenylate kinase activity. Before storage, the enzyme was 
stabilized by adding 9 ml of a 0.2 m solution of argininosuccinate 
adjusted to pH 7.5 (0.2 umole per mg of enzyme protein). The 
enzyme is unstable in the absence of argininosuccinate but in 
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Specific activity is expressed as micromoles of | 
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its presence can be stored at —20° for several months without 
loss of activity, thus permitting stock-piling at a relatively crude 
stage. The subsequent purification steps were carried out on 
small batches as desired. 

Bentonite Step—Approximately 800 mg of enzyme in 12 ml 
were dialyzed against several changes of 0.005 m phosphate 
buffer, pH 7.5, for 3 hours to remove ammonium sulfate. After 
dialysis, 2 ml of 0.2 M argininosuccinate, pH 7.5, were added, 
and the protein concentration was adjusted to 22 mg per ml with 
0.005 m phosphate buffer, pH 7.5, bringing the volume to 37 
ml. Bentonite (1.67 g) was added and, after 10 minutes of 
intermittent stirring, the mixture was centrifuged at 12,000 
rp.m. in the Servall centrifuge for 5 minutes. The soluble 
fraction contained 76% of the units with a specific activity of 23. 

Heat Step—Immediately thereafter, the supernatant solution 
(33 ml), containing approximately 13 mg of protein per ml, was 
treated with 3.3 ml of a 0.02 m solution of argininosuccinic acid 
at pH 7.5. Three batches of 12 ml each were then held in a 
61° water bath for 7 minutes with rapid stirring, and then chilled 
immediately in a 0° bath. After combining these, denatured 
protein was removed by centrifugation and the protein remain- 
ing in the supernatant fluid was precipitated by the addition of 
17 g of ammonium sulfate. The precipitate was dissolved in 3 
ml of 0.1 m Tris buffer, pH 7.8. This fraction (specific activity 
70) was stored without loss of activity at —20° for several weeks. 

DEAE-cellulose Step—Approximately 35 mg of the previous 
fraction in 1 to 2 ml were dialyzed for 4 hours against 0.02 m 
Tris buffer, pH 7.8, with frequent changes. It was then ad- 
sorbed onto a 0.9- X 22-em column of DEAE-cellulose previ- 
ously washed with the eluting buffer. A small inactive protein 
peak emerged on elution with 15 ml of 0.02 m Tris buffer, pH 
7.8. Argininosuccinate synthetase was eluted in a sharp peak 
with 35 ml of 0.052 m Tris buffer, pH 7.8. The enzyme, in a 
volume of 10 ml, was then precipitated by the addition of 6.4 g 
of ammonium sulfate, and the precipitate was dissolved in 1 ml 
of 0.10 m Tris buffer, pH 7.5. The concentrated fraction thus 
obtained was stored at —20°. The specific activity falls from 
160 to 140 during the first week but remains constant for several 
months thereafter. After dialysis for 4 hours against 0.02 m 
Tris buffer, pH 7.5, the enzyme can be kept for 2 weeks at 2° 
without any appreciable loss of activity. However, freezing 
then causes complete loss of activity due to the removal of 
ammonium sulfate. 

A summary of the purification achieved with each step is 
given in Table I. It can be seen that the bentonite step did 
not increase the synthetase activity appreciably but was very 
effective in producing a drastic reduction of adenylate kinase. 
Remaining amounts of this contaminant were removed during 
the last two steps. Argininosuccinate was necessary for full 
protection of the enzyme during the bentonite and heat steps 
as well as for storage. 


Synthesis and Isolation of Labeled Substrates 


Preparation of Citrulline Labeled in Ureido Group with O8— 
Labeled citrulline was prepared by enzymic hydrolysis of argi- 
nine in a medium of O"-labeled water. The method of prepara- 
tion leads to the introduction of label into the ureido position 
exclusively. 

L-Arginine monohydrochloride, 6 mmoles, in 19.5 ml of O18- 
labeled water, containing 1.60 atom % excess 08, was incubated 
at 38° with 5000 units of partially purified arginine desiminase 
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at pH 6.8. The enzyme was added in a volume of 0.50 ml, thus 
diluting the O* concentration to 1.56 atom % excess. During 
the 5-hour incubation period, over 93% of the arginine had been 
converted to citrulline. After removal of the protein by heat 
inactivation and centrifugation, citrulline was precipitated from 
the supernatant fluid as the copper complex by the addition of 
5 mmoles of copper acetate dissolved in 20 ml. After 12 hours 
in the refrigerator, the complex was filtered off, washed with 
water, decomposed with H.S in the conventional manner, and 
the resulting filtrate concentrated to 2 ml. t-Citrulline (shown 
to be identical? with authentic L-citrulline) crystallized out on 
the addition of ethanol. After one recrystallization from aque- 
ous ethanol the yield was 76.4%, and the compound contained 
0.52 atom % excess O}8, corresponding to 1.56 atom % excess 
in the ureido oxygen. When unlabeled citrulline was incubated 
in H,O with the enzyme and NH,Cl, only traces of O'8 were 
found after 5 hours of incubation. 

Location of O8 in Cleavage Products of ATP—The O#-labeled 
citrulline was incubated with aspartate, ATP, the synthetase, 
and inorganic pyrophosphatase as described in the legend to 
the appropriate table. The reaction was stopped by heating at 
100° for 3 minutes and after removal of denatured protein by 
filtration, the P; formed during the reaction, approximately 500 
umoles, was precipitated as the MgNH,POy, salt and removed 
by filtration after 15 minutes. 

The AMP (250 umoles) formed during the reaction was iso- 
lated by means of a 6.5- X 1-em column of Dowex 1-Cl (9). 
The eluate (0.003 n HCl) was neutralized with NaOH and con- 
centrated in a vacuum at 40° from a volume of 250 ml to 4 ml. 
The AMP fraction was then incubated with 1500 units of alka- 
line phosphatase (10) under conditions in which the liberated 
P; crystallized out as MgNH4PO, directly as it was formed, thus 
avoiding the possibility of O'8 exchange (11). 

The MgNH,PO,; samples were obtained as the hexahydrates 
and were recrystallized once. For O% analysis, they were con- 
verted to the monohydrates by heating at 110° for 2 hours in a 
vacuum oven, and were then immediately converted* to CO». 

Synthesis and Purification of PP;*=—PP; labeled with P®? was 
prepared according to the method of Peng (13) and was purified 
by anion exchange chromatography (14). 

Isolation Procedures Used for PP;?-ATP Exchange Studies— 
The incubation volume of 1 ml was heated for 2 minutes at 100° 
to stop the reaction, and to each tube was added 0.2 ml of un- 
labeled 0.1 mM sodium pyrophosphate and 0.5 ml of 7% per- 
chloric acid. The precipitate was removed by centrifugation. 
ATP as well as AMP were adsorbed onto Norit according to 
the procedure of Berg (15). Errors due to adsorption of PP; 
by the Norit were prevented by the dilution with cold PP;. 
Aliquots of 0.5 ml were then taken for estimation of radioactiv- 
ity. This procedure gave low values for the zero-time tubes; 
these agreed with the values obtained for an incubated control 
carried out in the absence of enzyme. All values reported in the 
tables have been corrected for this blank. 


2 The identity and purity of the compound were established by 
decomposition point, by colorimetric assay, (6) and by the rate 
of utilization, at limiting concentration, in the argininosuccinate 
synthetase-catalyzed reaction. 

3 We are greatly indebted to Dr. D. Rittenberg and Miss Laura 
Ponticorvo for the O'8 analysis for which their previously pub- 
lished micro method (12) was used. For the analysis of the phos- 
phate samples, the method was modified by use of Hg(CN)s in 
addition to HgCl: as catalyst. 
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TABLE I 


Purification of argininosuccinate synthetase from steer liver 


Peacti : : 5 ' Arginino- T sol ws Adenylate 
ractionation steps Volume succinate Totalunits| Yield bieaant 
synthetase* — 
} specific P - specific 

= activity ‘ activity 
[re 4,400 2.0 275,000 
Fraction 3 (ammo- 

nium sulfate). .. 258 7.6 275,000 | 100 

Alumina Cy gel. 115 18.0 151,000 | 55 | 100.2 
Bentonite 353 23.0 113 ,000 41 0.60 
Heat step 42 70.0 102,000 | 37 0.06 
DEAE-cellulose 20 160.0 0.005 


82,000 | 30 





* Synthetase activity is expressed as micromoles of product 
formed per hour per mg of biuret protein. 

+ Adenylate kinase activity is expressed as micromoles of AMP 
utilized per hour per mg of protein. 


The values are expressed as micromoles of PP ;* incorporated 
into ATP; they were calculated by dividing the total ¢.p.m. in 
ATP by the initial specific radioactivity of the PP;*. 

Isolation Procedures Used for AMP-C%-ATP Exchange Stud- 
ies—The incubation mixture in a volume of 1.0 ml was heated 
as before; an additional 1.0 ml of water was added, and after 
removal of denatured protein by centrifugation, 1.5 ml aliquots 
were put on 1- X 1-cm columns of Dowex 1-Cl. AMP and ATP 
were eluted as described (9) and estimated spectrophotometri- 
cally; ADP was present in very minute amounts. 

The values are expressed as the micromoles of AMP-C" in- 
corporated into ATP and were calculated by dividing the total 
C¥ radioactivity in ATP by the initial specific radioactivity of 
the AMP-C". 5 

Isolation Procedures Used for Aspartate-C'-Argininosuccinate 
Exchange Studies—The incubation volume of 1.0 ml was treated 
with 1.0 ml of 10% trichloroacetic acid. An additional 1.0 
ml of water was added and the protein precipitate removed by 
centrifugation. Argininosuccinate was converted to the anhy- 
dride by adding 0.37 ml of 1 N HCl to 2.5 ml of the supernatant 
fluid and heating the mixture in a boiling water bath for 1 hour. 
Water was then added to bring the volume to 4 ml and the 
solution was put on a 6- X 1-cm column of Dowex 50-H+. As- 
partic acid and argininosuccinate anhydride (measured by nin- 
hydrin (16)) emerged on elution with 0.1 N HCl and 1 n HCl, 
respectively. Those fractions containing the anhydride were 
combined and concentrated in a vacuum over KOH. The resi- 
due was dissolved in 2.0 ml of water. The over-all recovery, as 
estimated by ninhydrin, was 80%. 

The values are expressed as the micromoles of aspartic acid- 
C¥ incorporated into argininosuccinic acid; they were calculated 
by dividing the total radioactivity in argininosuccinic acid by 
the initial specific radioactivity of the aspartic acid-C™. 


RESULTS 

It was desirable at the outset to determine whether ATP 
reacts with citrulline or with aspartic acid. By following O%8 
transfer, Cohn (17) and also Boyer et al. (18, 19) have shown 
that oxygen is transferred from substrate to cleavage products 
of ATP. The use of O8 thus makes it possible to determine 
which amino acid becomes activated and at which position the 
cleavage of ATP takes place. Citrulline labeled with O' ex- 
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clusively in the ureido group was therefore incubated with as. 
partate, ATP, and Mg** in the presence of excess synthetase 
and excess inorganic pyrophosphatase. The reaction was al- 
lowed to go about two-thirds of the way to completion and 
AMP and P; (formed in the presence of inorganic pyrophospha. 
tase) were then isolated as described in “Experimental Proce. 
dure.” The O'8 was located exclusively in the AMP moiety of 
ATP (Table II, Experiments 1 and 2). The slight incorporation 
of label into the PP; fraction was due to the presence of adeny]- 
ate kinase in the partially purified preparation of inorganic pyro- 
phosphatase used in Experiment 1. When this experiment was 
repeated with crystalline inorganic pyrophosphatase free of 
adenylate kinase (Experiment 2), the O content of the AMP 
had a value of 0.280 in close agreement with the theoreticg] 
value of 0.312 atom % excess, and none was found in the PP,, 
For the control (Experiment 3), an incubation mixture was 
used that approximated the final composition of Experiments | 
and 2, except that aspartate was omitted. Under these condi- 
tions, no label was incorporated either into AMP or PP;. The 
results indicate that interaction takes place between the ureido 
group of citrulline and the AMP moiety of ATP. 

Possible Successive-step Mechanisms—Several mechanisms 
have been considered which are consistent with the O'8 results, 
Mechanism I involves the formation of adenylocitrulline as ip- 
termediate. 


Citrulline + ATP = adenylocitrulline + PP; (1a) 
Adenylocitrulline + aspartate = argininosuccinate + AMP (Ib) 


Mechanism II involves AMP-enzyme and citrulline-enzyme as 
intermediates. 


Enzyme + ATP = AMP-enzyme + PP; (2a) 


AMP-enzyme + citrulline — citrulline-enzyme + AMP (2b) 


TaBLe II 
Transfer of O'8 from ureido-labeled citrulline* 

Incubation mixtures for Experiments 1 and 2 contained the 
following reagents expressed as micromoles in a final volume of 
100 ml: Tris buffer, pH 8.3, 500; citrulline-O', 500; aspartic acid, 
500; ATP, 375; MgCl2, 660. The control contained Tris buffer, 
pH 8.3, 500; citrulline-O'’, 300; ATP, 125; MgCle, 660; AMP, 250; 
argininosuccinate, 260; Pi, 300; sodium pyrophosphate, 100. All 
experiments contained 19 mg of argininosuccinate synthetase, 
specific activity 82, and 3250 units of partially purified or crystal- 
line inorganic pyrophosphatase. The incubation period was 20 
minutes at 38°. 

O'8 in AMPt 


Experiment O18 in PPit | —— 





Found Theory 


~—s atom % excess 
1. Adenylate kinase present 0.006 0.231 | 0.312 
0.005 0.227 | 0.312 
2. Adenylate kinase absent —0.004 0.281 | 0.312 
0.001 0.279 | 0.312 
3. Control ~0.003 | —0.005 | 0.000 | 
—0.003 | —0.004 | 0.000 


* Citrulline contained 1.56 atom % excess O!8 in the ureido | 
oxygen. 

+ Estimated as MgNH,PO,-1H;0 after hydrolysis of PP; or 
AMP. 
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Citrulline-enzyme + aspartate (2c) 
= argininosuccinate + enzyme ~ 


PP*-ATP Exchange Studies—If Mechanism I is involved, 
the reversible formation of adenylocitrulline, according to Par- 
tial Reaction la, should result in a PP;*-ATP exchange de- 
pendent on the presence of citrulline, Mg++, ATP, PP;**, and 
argininosuccinate synthetase. 

Before carrying out such experiments, the conditions neces- 
sary for maximal incorporation with the complete system were 
investigated. With citrulline and aspartate present, in addi- 
tion to ATP and PP;”, the rate of incorporation was found to be 
extremely low at amino acid concentrations which favored the 
forward reaction, as shown in Table III, Experiment 1. This 
is due to inhibition of the reverse reaction by aspartate, and to 
some extent by citrulline. At lower concentrations of aspartate 
and citrulline, the incorporation was increased very significantly 
(Experiments 2, 3, and 4). In the search for partial reactions, 
the concentration of these amino acids was therefore kept low. 
It was necessary to use as much as 200 to 300 units of purified 
enzyme for each exchange experiment since the reaction rate 
was very much reduced in the absence of inorganic pyrophos- 
phatase. Incubation usually was carried out for 30 minutes and 
was terminated well before equilibrium was reached with the 
complete system. 

No indication was found of a citrulline-dependent incorpora- 
tion of PP? into ATP as expected according to Mechanism I. 
The results summarized in Table IV (Experiments 2 and 3), 
show that exchange did not take place unless both aspartate and 
citrulline were present. Evidently the amount of PP; used did 
not cause any inhibition. When the experiments were carried 
out with 0.1 umole of PPi, essentially the same results (not 
shown in the table) were obtained. 

The effect of AMP on exchange was next investigated to test 
the possibility that AMP might in some way counteract an in- 
hibition or possibly be required by the enzyme for proper con- 
formation. A very active citrulline-dependent exchange was 
found in the presence of AMP, as may be seen from the results 
of Experiment 4 in Table IV. The rate of incorporation was as 
high as that shown by the complete system. However, a small 
but definite exchange was also observed in the absence of amino 


TaBLeE III 
Incorporation of PP ;** into ATP with complete system 
Each tube contained the following reagents expressed as micro- 
moles in a final volume of 1 ml; Tris buffer, pH 7.0, 100; ATP, 5.0; 
MgCl, 7.0; PP ;**, 1.0 (specific radioactivity, 1.0 X 10° c.p.m. per 
umole). Each tube also contained 2.2 mg of argininosuccinate 
synthetase (specific activity 115). Citrulline and aspartic acid 


were present as indicated. The incubation period was 30 minutes 
at 38°. 

















— Citrulline Aspartate A PPi | net a... 
| pmoles pmoles pumoles | c.p.m. | motes oe 
1 | 5.0 5.0 +0.94 9,760 | 0.014 
2 | 5.0 1.0 +0.89 | 127,800 | 0.179 
h. oe 5.0 +0.79 | 43,700 | 0.058 
4 | 10 1.0 | +0.55 | 238,220 0.296 
5 | 0 0 0 | 35 





*Corrected for dilution by the unlabeled PP; formed in the 
forward reaction. 
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TABLE IV 
Incorporation of PP ;** into ATP 

Each tube contained the following reagents expressed as micro- 
moles in a final volume of 1 ml: Tris buffer, pH 7.0, 100; ATP, 5.0; 
MgCl., 7.0; PP;*?, 0.95 (specific radioactivity 7.8 X 105 c.p.m. per 
umole). Each tube also contained 1.3 mg of argininosuccinate 
synthetase (specific activity, 124). Citrulline, aspartic acid, and 
AMP were present as indicated. The incubation period was 30 
minutes at 38°. 








| 











aos Oe Citrulline | Aspartate | AMP | aaron oe. Se 

wie | pmoles | pmoles | c.p.m. umoles 

1 5.0 | 1.0 | 0 | 56,880 0.096* 

2 aie 8 I 40 0.0004 

3 0 1.0 | 0 40 | 0.0004 

4 5.0 0 5.0 | 76,400 | 0.098 

5 0 1.0 | 5.0 5,410 0.007 

6 | 0 | 0 | 5.0 | 14,060 0.018 

7 | 0 Z. | 0 | 20 





* Corrected for dilution by 
forward reaction. 


the unlabeled PP; formed in the 


TABLE V 
Incorporation of AMP-C4 into ATP 

Each tube contained the following reagents, expressed as micro- 
moles in a final volume of 1 ml: Tris buffer, pH 7.0, 100; ATP, 2.5; 
MgCle, 5.0; AMP-C"" 5.0 (specific radioactivity, 9.5 X 104 c.p.m. 
perumole). Each tube also contained 1.6 mg of argininosuccinate 
synthetase (specific activity, 156). Citrulline, aspartic acid, and 
AMP were present as indicated. The incubation period was 60 
minutes at 38°. 




















| 
a | Citrulline | Aspartate PPi Pach em a 

| pars pmoles pmoles c.p.m. pumoles 
1 } 4 1.0 0 35,490 0.423* 
2 | 7 0 0 1,900 0.020 
3 | O 1.0 0 830 0.009 
4 1.0 0 0.25 17,690 0.186 
5 0 1.0 0.25 3,240 0.034 
6 0 0.06 0.25 6,940 0.073 
7 0 | O 0.25 4,940 0.052 
8 0 | 0 0 1,870 0.020 





* Corrected for dilution by the unlabeled AMP formed in the 
forward reaction. 


acids (Experiment 6). The addition of aspertic acid lowered 
this value by 60% (Experiment 5). 

AMP-C¥%-ATP Exchange Studies—Exchange studies with 
AMP-C"™ were undertaken to clarify the effect of AMP on the 
PP ;*-ATP exchange and also to investigate Mechanism II 
further. If Mechanism II is involved, a PP;#-ATP exchange 
should take place in the absence of amino acids in accordance 
with Partial Reaction 2a. Such an exchange was not observed 
(Table IV, Experiment 7) except when AMP was present (Ex- 
periment 6). However, the possibility that AMP released some 
kind of inhibition was a mitigating factor that made it difficult 
to exclude this mechanism. 

It should be possible to differentiate between Mechanism I 
and II by means of AMP-C'4-ATP exchange. According to 
Mechanism I, citrulline should not be required for this exchange, 
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TaBLe VI 
Effect of aspartate on incorporation of PP; into ATP 
Each tube contained the following reagents, expressed as mi- 
cromoles in a final volume of 1 ml: Tris buffer, pH 7.0, 100; ATP, 
5.0; MgCle, 7.0; PP;**, 1.0 (specific radioactivity, 8.6 X 10° ¢.p.m. 
perumole). Each tube also contained 1.2 mg of argininosuccinate 
synthetase (specific activity, 140). Citrulline, aspartic acid, and 
AMP were present as indicated. The incubation period was 60 
minutes at 38°. 





PP; 





— Citrulline | Aspartate AMP eine ay incorporated 

umoles umoles umoles c.p.m. pmoles 
] 1.0 1.0 0 223 , 430 0.337* 
2 1.0 0 5.0 112,190 0.130 
3 0 0 5.0 15,370 0.018 
4 0 0.01 5.0 18,310 0.021 
5 0 0.03 5.0 22,760 0.026 
6 0 0.06 5.0 26 , 200 0.030 
7 0 0.10 5.0 22,120 0.025 
8 0 1.0 5.0 7,880 0.009 
9 0 0 | @ 20 


* Corrected for dilution by the unlabeled PP; formed in the 
forward reaction. 


but should be needed for Mechanism II through Reactions 2a 
and 2b. The results of such experiments are given in Table V. 
Practically no exchange was found either in the absence or pres- 
ence of citrulline (Experiments 8 and 2). However, when PP; 
was present with citrulline (Experiment 4), appreciable exchange 
was observed. 

Since argininosuccinate was added during purification, possi- 
bly the presence of trace amounts of this amino acid bound to 
the enzyme was responsible for the exchange. In Experiment 4, 
AMP and PP; were present together, and the incorporation of 
counts could then be due to reaction reversal. The same ex- 
planation would apply to Experiment 4, Table IV, since AMP 
and PP; were present together there also. Citrulline would be 
expected to increase the incorporation by accelerating the for- 
ward reaction. 


Argininosuccinate and Isotope Exchange 


Influence of Aspartate Concentration—If the presence of argini- 
nosuccinate were indeed the explanation for the exchanges dis- 
cussed above, it was difficult to understand why aspartic acid 
should not stimulate incorporation in the same way as citrulline. 
Yet Experiment 5 in both Tables IV and V each showed that 
aspartate actually depressed the exchange. To clarify this ob- 
servation, isotope exchange was investigated at very low con- 
centrations of aspartate as shown in Table VI, and a stimulation 
was actually found (Experiments 4 to 7). The maximal value 
was reached when as little as 0.06 umole was present. The re- 
sults illustrate the strong product inhibition exerted by aspartic 
acid. 

Direct Determination of Argininosuccinate in Enzyme Prepara- 
tions—Since stimulation of isotope incorporation by aspartate 
as well as by citrulline supported the possibility that arginino- 
succinate was introduced with the enzyme, the preparation was 
analyzed directly for this amino acid by the sensitive colorimetric 
method recently described (20). The three preparations ana- 
lyzed had been brought to the same advanced state of purifica- 
tion. The manipulations that followed the addition of arginino- 
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succinate for the heat step included two precipitations with 
ammonium sulfate and two dialyses. Such procedures, usually 
very effective in removing small molecular weight compounds, 
did not remove the argininosuccinate completely. The amount 
found bound to the enzyme corresponds to 1 wmole/100 mg of 
protein (Table VII). 

Removal of Argininosuccinate from Enzyme—Argininosuccinate 
was removed from the enzyme by dialysis in the presence of 
AMP, PP;, and Mg++. The removal seemed to be due to ep- 
zymic cleavage since prolonged treatment at 0° under the same 
conditions was ineffective. After dialysis for 124 hours at 33°, 
exchange due to the presence of AMP disappeared eompletely 
(Table VIII, Experiment C3). However, the removal was in. 
complete even with this treatment, and some exchange could 
still be detected in the presence of citrulline and AMP although 
it was considerably reduced. Dialysis for 3} hours at 33° gave 
intermediary values (Table VIII). 

Aspartate-C'-Argininosuccinate Exchange Studies—To obtain 
unequivocal evidence of the absence or presence of partial reac. 
tions, a third exchange was investigated, the incorporation of 
aspartate-C'* into argininosuccinate. This experimental ap- 
proach has the advantages that (a) Mechanism I can be distin- 
guished from Mechanism II since Mechanism I requires the 
presence of AMP, and (6) the results cannot be influenced by 
the introduction of argininosuccinate with the enzyme. No 
evidence of isotope exchange was found. As shown by Table 
IX, the only measurable incorporation of label into argininosue- 
cinate occurred when all the substrate requirements were ful- 
filled. 


DISCUSSION 

The observation that very small amounts of argininosuccinate 
remain firmly bound to the enzyme after repeated ammonium 
sulfate precipitation and dialysis is an unexpected finding. The 
difficulty in removing this substrate and the fact that the small 
amount bound was sufficient to support the reverse reaction, 
indicate that the affinity for the enzyme must be unusually 
high. Preliminary estimates carried out with purified hog kid- 
ney synthetase indicate that the K,, values for all three amino 
acids are approximately 1 X 10-5m. If the K,, value for argi- 


TaBLeE VII 

Determination of argininosuccinate in purified preparations of 
argintnosuccinate synthetase 

The synthetase in a volume of 1.0 ml was precipitated with 1.0 

ml of 12% trichloroacetic acid. Argininosuccinate was estimated 

colorimetrically in 0.5 ml of filtrate. 


; Argininosuccinate* 
Specific 
activity Mertay . 
Uncorrected Corrected 
umole 
Preparation 1 130 0.028 0.023 
Preparation 2 145 0.031 0.026 
Preparation 3 150 0.023 0.018 
Controlt 0.005f 





* The values are given as micromoles of argininosuccinate per 
2 mg of enzyme protein. 

+ Crystalline bovine serum albumin. 

t This value is probably caused by a small amount of Sakaguchi- 
positive color given by most proteins. 
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ninosuccinate is about the same for the liver preparation, it 
should have been possible to effect complete removal merely by 
repeated precipitation with ammonium sulfate. Possibly the 
estimated K,, does not represent a true dissociation constant. 
It is even more likely that the discrepancy may be due 
to changes in binding with pH owing to the large number of 
polar groups involved. The K,, value was estimated at pH 6. 
whereas the enzyme manipulations described above were car- 
ried out at pH 7.0 or 7.8. 


The apparent exchange caused by substrate binding empha- 
sizes once more the hazards associated with the interpretation 


TABLE VIII 
Incorporation of PP; into ATP after partial removal of 
argininosuccinic acid from synthetase 

Experiment A—The enzyme preparation and other conditions 
were identical with those of Table VI. 

Experiment B—To 19.8 mg of argininosuccinate synthetase 
(specific activity 153) used for Experiment A were added 5.0 
umoles of AMP, 5.0 pmoles of Na,P2O0;7, and 5.0 umoles of MgCl. 
in a final volume of 1.7 ml. This mixture was dialyzed with stir- 
ring at 33° for 33 hours against 100 ml of a solution containing 500 
umoles of Tris buffer (pH 7.0), 250 umoles of AMP, 250 umoles of 
Na,P.O7, and 250 umoles of MgCle. One change of the dialyzing 
medium was made after 13 hours. Dialysis for 4 hours with stir- 
ring then followed against 0.01 m Tris buffer, pH 7.95, at 4° with 
four changes. The enzyme activity did not change. The con- 
ditions were the same as for Experiment A, except that the PP; 
had 6.0 X 105 ¢.p.m. per wmole. 

Experiment C—To 12 mg of enyzme dialyzed as described in 
Experiment B were added 3.0 umoles of AMP, 3.0 umoles of 
Na,P.07, and 3.0 umoles of MgCl., in a final volume of 1.5 ml. 
This mixture was dialyzed with stirring at 33° for 4 hours against 
100 ml of solution containing 500 uwmoles of Tris buffer, pH 7.0, 
150 umoles of AMP, 150 wmoles of Na,yP:O7, and 150 umoles of 
MgClo. One change of the dialyzing medium was made after 14 
hours. A dialysis against Tris buffer as described for Experiment 
B followed. A 5-hour dialysis against AMP, Na,P.0; and MgCl. 
was repeated, and this was followed by a 4-hour dialysis against 
Tris buffer. The specific activity of the enzyme was 136 after the 
entire treatment. The conditions were the same as for Experi- 
ment A except that the PP;*? had 6.2 X 105 c¢.p.m. per umole. 

All incubations were carried out for 60 minutes at 38° with the 
same number of enzyme units as indicated in Table VI. 




















ee Total a oe 
Citrul- | Aspar- AMP counts aay | Arginino- 
line | tate pn. ae corporated succinate* 
umoles | umoles | wmoles c.p.m pumoles 
Experiment A | 
1 1.0 | 1.0 | 0 223,430 | 0.337 
2 1.8 | @ 5.0 | 112,190 | 0.130 0.018 
3 0 | 0 | 5.0 | 15,370| 0.018 
4 0 |0 0 20 
Experiment B | 
1 1.0 | 1.0 | 0 158,240 | 0.343 
2 1.0 0 5.0 64,440 | 0.107 | 0.010 
3 ao }8 5.0 90 
Experiment C 
1 1.0 | £.@| 6 157,300 | 0.328 
2 1.0 | 0 5.0 28,190 | 0.045 0.005 
3 0 | 0 | 5.0 30 








*The values are given as micromoles of argininosuccinate per 
2 mg of enzyme protein. 


O. Rochovansky and S. Ratner 
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TaBLe IX 
Incorporation of aspartic acid-C'4 into argininosuccinic acid 
Each tube contained the following reagents, expressed as micro- 
moles in a final volume of 1 ml: Tris buffer, pH 7.0, 100; t-arginino- 
succinate, 7.5; MgCls, 5.0; L-aspartic acid, 0.5 (specific radio- 
activity, 2.1 X 10° ¢.p.m. per uymole. Each tube also contained 
1.8 mg of argininosuccinate synthetase (specific activity, 130). 


AMP and PP; were present as indicated. The incubation period 
was 120 minutes at 38°. 











Exogiment | AMP me | See | Sok. 
pmoles c.p.m. | umole 
1 2.5 0.5 | 487,550 | 0.46* 
2 2.5 0 120 | 
3 0 0 80 
4 0 0.5 | 200 











* Corrected for dilution by the unlabeled aspartate formed in 
reverse reaction. 


of exchange data. It may become necessary, in each case, to 
exclude the presence of firmly bound substrate. Boyer et al. 
(21) have suggested that all exchange reactions are due to en- 
zyme-bound substrate and have proposed a general mechanism 
to account for the diversity of experimental behavior. It is 
also important to recognize that in concerted reactions a high 
substrate affinity may be necessary to maintain a rapid rate. 

The results of the O transfer indicate that citrulline is the 
amino acid that becomes activated by ATP. There is no evi- 
dence to support the possibility that aspartic acid interacts 
with ATP. The transfer of the oxygen to the AMP moiety of 
ATP indicates that it is the adenosyl phosphorus that undergoes 
attack, causing cleavage at the inner PP bond of ATP. Cleav- 
age at this position takes place in all of the AMP-PP;-forming 
reactions thus far investigated. These include the synthesis of 
acetyl-CoA (19), pantothenic acid (22), the hydroxamate of 
tryptophan (23), and guanylic acid (24, 25). Although the 
formation of adenylocitrulline as intermediate would be con- 
sistent with this position of ATP cleavage, evidence to support 
such a possibility could not be obtained by means of isotope 
exchange. The apparent exchange reactions that were observed 
with both PP; and AMP-C" could be attributed to the over- 
all reaction, once trace amounts of substrate were found to be 
firmly bound to the enzyme. 

Until recently, it seemed that the synthetases could be divided 
into two main groups. One group, represented by glutamine 
synthetase (26) or adenylosuccinate synthetase (27), catalyzes 
reactions in which ATP is cleaved to ADP and Pi, and which 
do not exhibit isotope exchange for partial reactions. The 
second group includes reactions such as acetyl-CoA synthetase 
(15), in which there is cleavage to AMP and PP, formation of 
an intermediate, and occurrence of exchange reactions. The 
absence of isotope exchange in the argininosuccinate reaction 
thus differs from other reactions having the same position of 
ATP cleavage. The only other exception is the absence of ex- 
change in the reaction catalyzed by guanylic acid synthetase 
(24, 25). However, the failure to find exchange in the latter 
reaction can be attributed to irreversibility. 

All three substrates must be present simultaneously before 
any reaction can be detected by the present methods. The 
findings suggest that the reaction may proceed by a concerted 
action mechanism, such as has been suggested for synthesis of 
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glycinamide ribonucleotide (28) or guanylie acid (25). In the 
scheme below the formation of argininosuccinate is shown as 
proceeding by a nucleophilic attack of the nitrogen of aspartic 
acid on the ureido carbon of citrulline aided by an electrophilic 
attack of the phosphorus of ATP on the ureido oxygen. A 
mechanism of this kind requires that the PP bond is broken as 
the C—N bond is formed. 
O O O O oO YU O O 


\ 
\ 


Ad—O—P —O—P —O—P—O- Ad—O—P —O—P —O—P—O- 


++ O- O- ‘ O- o- 
O- a o- 
+ = : 
HN=C NH;—R’ . se 
l HN=C—:NH.—R’ 
NH 
NH 
R | 
R 
O 
Ad—O—P—O- + PP; 
O- 
a ik 
4 
HN=C—NH.—R’ 
NH 
R 


oe 
R = [-OOC—CH(NH;)—(CH:2)2—] 
R’ = [-OOC-—CH—CH:—COO-}] 


At the present time, however, the absence of exchange reactions 
constitutes the only evidence available in favor of this hy- 
pothesis. It seems premature to reach a final conclusion on the 
basis of these findings alone. 

Despite the negative findings, the possibility cannot be dis- 
carded that adenylocitrulline is actually formed and that neither 
this compound nor PP; dissociate from the enzyme. Experi- 
ments to distinguish a possibility of this sort are in progress. 
Evidence of an activated intermediate, bound to the enzyme, 
has been obtained recently with stoichiometric amounts of gluta- 
mine synthetase by Krishnaswamy et al. (29). As mentioned 
above, the latter enzyme does not catalyze the exchange of P; 
with ATP unless all the components of the reaction are present. 


SUMMARY 


1. It has been demonstrated by means of O labeling, that 
during the reaction catalyzed by argininosuccinate synthetase 
the ureido oxygen of citrulline is transferred to the adenylic 
acid moiety of adenosine triphosphate. 

2. This demonstration of an interaction between citrulline 
and adenosine triphosphate suggested that adenylocitrulline 
might be an intermediate in a two-step mechanism. In the 
search for partial reactions, an apparent exchange of P®?-labeled 
inorganic pyrophosphate with adenosine triphosphate stimulated 
by citrulline was found in the presence of adenosine phosphate. 
Also, an apparent citrulline-stimulated exchange of adenylic 
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acid-C™ with adenosine triphosphate was observed in the pres- 
ence of pyrophosphate. 

3. The isotope incorporation into adenosine triphosphate was 
in both cases due to the presence of small amounts of arginino- 
succinate firmly bound to the enzyme, thus allowing the over- 
all reaction to proceed. No evidence was obtained for a partial 
reaction by exchange of aspartic acid-C™ with argininosuccinate, 

4. The implications of the findings with respect to reaction 
mechanism are discussed. 

5. A procedure is described for preparing steer liver arginino- 
succinate synthetase, free of adenylate kinase and inorganic py- 
rophosphatase. 
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In bacteria, and probably in other organisms as well, the en- 
zymes of amino acid, purine, and pyrimidine biosynthesis can 
function at higher rates and can be produced in greater amounts 
than are normally required. However, under the usual condi- 
tions of growth only a fraction of this potential is expressed. 
The degree of expression is controlled by the intracellular levels 
of end products in two ways: in many biosynthetic pathways 
the action of an early enzyme is inhibited by the end product 
(1-3); in addition, the formation of enzymes can be repressed 
by even slightly excessive amounts of the end product (4-6). 
These regulatory mechanisms permit bacteria to maintain a fine 
balance between the synthesis and the utilization of low molecu- 
lar weight metabolites. 

This balance can be disturbed by structural analogues which 
mimic the normal inhibitory effects of their corresponding me- 
tabolites on both enzyme action (7-9) and enzyme formation 
(10, 11). So far, only the former effect has been shown to be 
responsible for bacteriostasis. Thus, the bacteriostatic analogue 
5-methyltryptophan acts by inhibiting, like tryptophan, an early 
step of tryptophan synthesis (9). Similarly (Diagram 1), the 
synthesis of an early precursor of histidine, Compound III, is 
inhibited not only by histidine (12) but also by the analogue 
2-thiazolealanine (13). This mechanism of antimetabolite ac- 
tion has been described as false feed-back inhibition. In con- 
trast, 6-methyltryptophan (11) and 8-azaguanine (10) are ex- 
cellent mimics of their corresponding metabolites as repressors 
of enzyme formation but not as inhibitors of enzyme action. 
These analogues are relatively ineffective inhibitors of growth. 

An antimetabolite which acts by interfering with a regulatory 
process should be useful in assessing the role of the process in 
the economy of the cell. The purpose of this paper is to de- 
scribe the consequences of interference with a biological feed- 
back loop which can be achieved with the use of a false feed-back 
inhibitor of an essential biosynthetic reaction. 


Materials and Methods 


Chemicals—Dipotassium ATP and the magnesium salt of 
5-phosphoribosyl-1-pyrophosphate (Pabst Laboratories), the 
barium salt of ribose-5-P, and glutathione (Schwarz Laboratories, 
Ine.), and dilithium acetyl-P (Cambridge Biochemicals Com- 


*This work was supported by grants form the Milton Fund of 
Harvard University and from the United States Public Health 
Service (Grant RG-6059). 

t United States Public Health Service Senior Research Fellow 
(SF 473). 


pany) were commercial preparations. 2-Thiazolealanine, 2-pyr- 
idylalanine, and 1,2,4-triazolealanine were kindly provided by 
Dr. R. G. Jones of Eli Lilly and Company. 

Analytic Methods—Histidine and histidinol were estimated by 
reaction with diazosulfanilic acid. Histidine was also estimated 
microbiologically by its ability to stimulate the growth of a histi- 
dine-requiring mutant, strain Hi B-12, of Salmonella typhimu- 
rium. The mutant was obtained from M. Demerec of the Long 
Island Biological Association. 

Enzyme Assays—The synthesis of Compound III, and its con- 
version to 5-amino-1-ribosyl-4-imidazole-carboxamide 5’-phos- 
phate and imidazoleglycerolphosphate, were estimated by pre- 
viously described methods (12). Compound III for use as a 
substrate was partially purified by chromatography on a charcoal 
column.! This treatment completely removed adenine and 
adenine nucleotides. ACP? was present in all samples of Com- 
pound III. The best preparations contained 3% of this mate- 
rial. 

Growth of Bacteria—All strains were grown with vigorous aera- 
tion at 37° in a mineral salts-glucose medium (9). Growth was 
estimated by measuring the turbidity of cultures in a Klett- 
Summerson colorimeter with a purple filter (No. 42) and is ex- 
pressed as micrograms of dry weight per ml according to a pre- 
vious calibration relating dry weight to turbidity. 


RESULTS 

Inhibition of Histidine Synthesis by 2-Thiazolealanine—Both 
histidine and 2-thiazolealanine inhibited the enzymatic synthe- 
sis of the histidine precursor, Compound III (13). In unfrac- 
tionated extracts Compound III synthesis was 50% inhibited by 
3.4 X 10-° m histidine or by 1.2 * 10-3 m 2-thiazolealanine. 
Inhibition of the enzymatic reaction was independent of the 
concentration of the substrates, ribose-5-P and ATP. Because 
5-phosphoribosy]l-l-pyrophosphate had been shown to be re- 
quired for the formation of Compound III (14), it too was tested 
and found to be incapable of competitively reversing the in- 
hibitory effects of either histidine or 2-thiazolealanine. 

If the site of action of 2-thiazolealanine is an early reaction in 
histidine synthesis such as the formation of Compound III, then 
cell growth and the ability of cells to synthesize imidazole-con- 
taining precursors of histidine should be equally sensitive to in- 


1H. S. Moyed, M. Civen, and B. Magasanik, unpublished ob- 
servations. 

2 The abbreviations used are: ACP, 5-amino-1-ribosyl-4-imidaz- 
ole-carboxamide 5’-phosphate; and IGP, imidazoleglycerolphos- 
phate. 
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Diagram 1. Inhibition of the synthesis of an early precursor of 
histidine. Compound III is a partially characterized intermedi- 
ate in the synthesis of the imidazole ring of histidine. 


hibition by the analogue. In order to test this proposition histi- 
dine-requiring mutants of Escherichia coli strain W were isolated 
and examined for their ability to excrete the imidazole-containing 
precursors of the amino acid. Resting cell suspensions of one of 
these mutants, 2. coli H-4, when incubated in a mineral salts- 
glucose medium, was found to excrete relatively large amounts 
of an imidazole which was provisionally identified as histidinol 
by chromatography in two solvent systems (15). Excretion of 
histidinol by the mutant and growth of the parent strain were 
equally sensitive to inhibition by 2-thiazolealanine (Fig. 1). 

Antagonism of Bacteriostatic Effect of 2-Thiazolealanine by 
Histidine—The conclusion that 2-thiazolealanine functions by 
inhibiting histidine biosynthesis requires that histidine antago- 
nize the bacteriostatic action of the analogue noncompetitively, 
provided the two compounds do not compete with each other for 
entry into the cell. Such a noncompetitive relationship be- 
tween histidine and 2-thiazolealanine has been demonstrated. 
As shown in Table I the amount of histidine required for growth 
in the presence of 2-thiazolealanine was not appreciably affected 
by changes in the amount of this analogue. 

2-Thiazolealanine-resistant Mutants—The probability that 
2-thiazolealanine acts by mimicking the feed-back effect of histi- 
dine on the synthesis of Compound III suggested that mutants 
resistant to the analogue might produce a Compound III syn- 
thetase with altered sensitivity to feed-back inhibition. Such 
resistant organisms were selected by inoculating approximately 
108 cells of #. coli strain W on minimal medium containing 10% 
M 2-thiazolealanine. This concentration of the analogue de- 
layed the development of visible colonies by the sensitive parent 
strain for 5 or 6 hours. Several resistant mutants developed 
visible colonies without delay. The effects of 2-thiazolealanine 
on the growth rates of the two mutants and the parent strain 
were compared (Fig. 2). The growth rate of parent strain W 
was reduced 50% by 1 X 10-4 M 2-thiazolealanine, whereas 5 
times as much of the analogue had no effect on strain TA-R, and 
little effect on strain TA-Ro. 

Extracts of these mutants exhibited the anticipated alterations 
in sensitivity to the inhibitory effect of 2-thiazolealanine on the 
enzymatic synthesis of Compound III. As seen in Table II, 
the Compound III-synthesizing system of strain TA-R; was 
insensitive to the analogue, whereas the enzyme system of strain 
TA-R.» was one-fourth as sensitive as that of the wild type 
organism. Table III shows essentially the same changes in the 
sensitivity of the enzyme system to its normal feed-back inhibi- 
tor, histidine. 

Strain TA-R,, unlike either strain W or strain TA-Re, excreted 
considerable amounts of a compound which had the same electro- 
phoretic mobility as histidine and, like histidine, produced a red 
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chromatophore with diazosulfanilic acid and supported the 
growth of a histidine-requiring mutant of S. typhimurium, strain 
Hi B-12 (Table IV). 

The fate of added histidine was compared in cultures of strain 
W and strain TA-R, (Fig. 3). The histidine content of both 
cultures remained unchanged during the first hour of the experi- 
ment. During exponential growth strain W rapidly removed 
histidine from the medium. In contrast, strain TA-R, not only 
failed to remove histidine, but actually excreted the amino acid 
during exponential growth. The sudden increase in the rate of 
histidine excretion by strain TA-R, at approximately 150 min- 
utes coincided with the beginning of the decelerating phase of 
growth. 

Strain TA-R, is obviously unable to adequately regulate its 
biosynthesis of histidine: it produces more histidine than it needs, 
and is unable to utilize exogenous histidine preferentially, 
Nevertheless, this mutant apparently retains its sensitivity to 
the repressive effect of histidine on the formation of enzymes 
necessary for histidine synthesis. The capacity of extracts of 
strains W and TA-R, to synthesize Compound III and also 
to convert it to ACP and imidazoleglycerolphosphate, the next 
step in histidine biosynthesis, is shown in Table V. Cells of 
strain W when grown in media containing 15 wg per ml of histi- 
dine had only about half the normal capacity for both the syn- 
thesis of Compound ITI and its conversion to ACP and imidazole. 
The enzyme levels of the parent organism, 
strain W, could not be repressed below these values by additional 
histidine in the medium. The levels of the enzymes in strain 
TA-R, grown in minimal medium were nearly equal to the max- 


glycerolphosphate. 
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Fie. 1. Inhibition of growth and of histidinol excretion by 
2-thiazolealanine. The growth rate of E. coli strain W in a min- 
eral salts-glucose medium in the absence of the inhibitor was 14 
generations per hour. Inhibition of growth is expressed as (1.4- 
growth rate with inhibitor/1.4) * 100. 

For measurement of histidinol excretion, cells of strain H4 
were suspended in a mineral salts-glucose medium (1 mg of cells 
per ml of medium) with the indicated amount of inhibitor and 
incubated at 37° with vigorous aeration. Samples were removed 
at 1 and 2 hours, and after the removal of cells by centrifugation 
the histidinol content of the medium was estimated by reaction 
with diazosulfanilic acid. Histidinol was excreted by £. coli 
strain H-4, a histidine auxotroph, at the rate of 5 ug per hour per 
mg of cells in the absence of the inhibitor. 2-Thiazolealanine 
itself did not form a colored compound with this reagent. 
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che imally repressed levels of strain W, and the addition of histidine TaBLe I 
ain had no effect. ai of ) e ; Antagonism of bacteriostatic effect of 2-thiazolealanine by histidine 
These results could indicate that strain TA-Ri, having lost The inoculum was an exponentially growing culture of E. coli 
ain sensitivity to the feed-back effect of histidine, is also insensitive strain W. The initial bacterial density was 5 wg per ml. The 
oth to its repressive effect. However, a many-fold increase in the cultures were incubated for 5 hours. 
eri- levels of these activities is known to occur when the histidine — 
ved supply of auxotrophs is limited. A similar increase should occur 4 pyiazoleala- Growth in presence of i-histidine (ut X 10°*) 
nly in strain TA-R, if the organism had lost sensitivity to repression nine m Pe a ae tt oo 
vcid by histidine. A more plausible explanation is that strain TA-R, ; | : f Bhs 
e of has retained the repressibility of its parent, and that the over- MX 10-4 pg*/ml 
nin- production of histidine which results from the absence of feed- 206s} | | | 
e of back inhibition causes maximal repression; hence, an external 2.0 6 | 7% | 91 } 103 | 141 
supply of histidine would have no additional effect. 4.0 4 | 6&7 81 | 93 136 
e its Nonheritable (Phenotypic) Resistance to 2-Thiazolealanine—It 6.0 | 5 | 8 | 8 | 8B | 137 
Peds, was observed that the addition of 2-thiazolealanine to cultures © Bey welt. 
ally. in exponential growth caused immediate bacteriostasis; however, 
y to after a relatively short interval, exponential growth was resumed . <e 4 ’ 
ymes at a rate which was somewhat lower than that of the control ike 2-thiazolealanine, it appeared to be selective in its action on 
ts of (Fig. 4). Cells which have “recovered” in this manner from the C compound IIT synthesis ee a . abe gage 
also effects of 2-thiazolealanine did not show a lag in their growth (2 x 10% m) caused a 3-fold stimulation in the formation of 
next when re-exposed to the analogue, but their resistance was lost C ompound Ii synthetase. Both a Ge appeared to be 
lls of by cultivation in the absence of the analogue (16). This de- involved in the inhibitory effect as neither a-aminobutyrate, 
histi- velopment of phenotypic resistance was accompanied by a 20- ‘y-aminobutyrate, vale combination of the two inhibited Com- 
» syn- fold increase in the level of the sensitive enzyme system, Com- pound IIT synthesis. : , ¢ 
azole- pound III synthetase; maintenance of the elevated enzyme level, Although 2-pyridylalanine and 1 »2,4-triazolealanine are both 
nism, like resistance, was dependent on cultivation in the presence of inhibitors ' fC ompound il synthesis m uuro, this effect cannot 
tional dc mndean 00. be responsible for their bacteriostatic action. First, neither 
strain Within narrow limits the increase in Compound III synthetase mutant selected for resistance to 2-thiazolealanine showed in- 
» max- activity was proportional to the concentration of 2-thiazoleal- creased a “ apyridyielenine; and culy Kida oon — 
anine. It is of some interest to note that even small amounts 24S; rane patie ere nerve rignarsé: ek SE 
of 2-thiazolealanine, which did not affect growth, caused a 1 »2,4-triazolealanine. ‘ This pattern of resistance to bacterio- 
marked stimulation of Compound III synthetase (Table VI). ona oan mee Saeee eb by ™ pny eat net nage 
In addition, 2-thiazolealanine caused a parallel increase in the Compound I[I-synthesizing systems with reduced sensitivity to 
next enzyme in the sequence, which converts Compound III to 2-thiazolealanine showed parallel Teductions in sensitivity to 
ACP and imidazoleglycerolphosphate (Fig. 5). both 2-pyridylalanine and 1 ,2,4-triazolealanine. 

The ability of 2-thiazolealanine to “induce” the early enzymes T he locus responsible for the bacteriostatic action of 2-pyridyl- 
of histidine biosynthesis is a direct function of its ability to alanine — revealed by the observations made here and pre- 
inhibit the action of Compound III synthetase. Strain TA-R. viously in another laboratory (17) that this analogue was antag- 
was one-fourth as sensitive as strain W to “induction” of the ized by phenylalanine but not by histidine. In contrast 
early enzymes of histidine synthesis by 2-thiazolealanine, whereas 
strain TA-R, was totally unaffected by the analogue in the same 
concentration range (Fig. 6). The degree of sensitivity to ‘‘in- 
duction” by 2-thiazolealanine is the same as to its inhibition of 
Compound III synthesis already shown in Table II. 2 ~ 

Other Inhibitors of Compound ITI Synthesis—It was found = = 
that 2-pyridylalanine and 1,2,4-triazolealanine were also in- a > 
hibitors of Compound III synthesis, whereas neither histamine Ele 
nor urocanic acid was active. The active compounds have in =|* 
common an alanine side chain attached to a carbon atom in the zz 

etion by heterocyclic ring which is adjacent to a nitrogen atom. The as a 
in 3 essential structure would appear to be: = 
r was 14 = 
as (4 - CH: -|", 
Pa — 
rain H4 ~ ~ 
Se —N—H O=C NH: 
removed he 0.35 1 2 3 4 5 
— : 2-THIAZOLEALANINE (10° M) 
y reaction This conclusion is supported by the observation that the sim- ‘ ; 
y E. cali plest_ compound possessing this structure, a ,y-diaminobutyric Fig. 2. The effect of 2-thiazolealanine on the growth of E. coli 
r hour per oft ve (Fi “ oilte aces. Cee W and of resistant mutants, strains TA-R: and TA-R:. 
olealanine , was active (Fig. 7). Compared to the heterocyclic com- ach culture contained 25 ug per ml of bacteria in the exponen- 
t. pounds, a ,y-diaminobutyric acid was a weak inhibitor; however, _ tial phase of growth at the beginning of the experiment. 
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TaBLeE II 


Inhibition of enzymatic synthesis of Compound III by 2-thiazole- 
alanine in extracts of 3 strains of E. coli 
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Strain W Strain TA-Ri | Strain TA-R2 
M mpmoles X hr XK mg protein 
120 46 | 82 
1.00 X 10-3 66 
1.25 X 10°? 60 
1.50 X 10-3 48 | 
2.00 X 10-3 32. | 2 
4.00 X 10-3 20 40 
5.00 X 10-8 54 | 
6.00 X 107% | 34 
1.00 X 10-? 50 
54 
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Inhibition of enzymatic synthesis of Compound III by histidine in 
extracts of 3 strains of E. coli 


Compound III formation 
L-Histidine ac eeaitinsmeteccmmeas’ (uaa 
Strain TA-Ri | Strain TA-R2 


Strain W 
M mymoles X hr XK mg protein 

118 60 117 
3.33 X 107° 81 110 
5.00 X 10-° 71 98 
6.67 X 10-5 49 98 
1.67 X 10-4 75 
2.50 X 10-* 50 
3.33 X 10-4 62 | 
6.67 X 10-4 64 
1.00 X 10-8 62 | 
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1,2,4-triazolealanine was antagonized by histidine, but unlike 
2-thiazolealanine, its relationship to histidine was competitive. 
In further contrast to 2-thiazolealanine, the formation of Com- 
pound III synthetase was inhibited rather than stimulated by 
1,2,4-triazolealanine. Finally, inhibition of growth by the 
triazole was not immediate. Instead, shortly after the addition 
of the analogue the growth rate progressively decreased. 

The effects of 1,2,4-triazolealanine on growth and on enzyme 
formation could indicate that the analogue acts either by mimick- 
ing the repressive effect of histidine on the formation of enzymes 
involved in histidine biosynthesis, or by getting incorporated 
into protein in place of histidine. The latter interpretation 
better fits the observation (Fig. 8) that growth in the presence 
of 1,2,4-triazolealanine reduced the specific activity not only of 
histidine-synthesizing enzymes but also of unrelated enzymes 
such as inosinie dehydrogenase and tryptophan synthetase. It 
should be noted that the levels of the three enzymatic activities 
shown in Fig. 8 were not equally affected by growth in the pres- 
ence of the histidine analogue. Such results might be anticipated 
from the reasonable assumption that histidine does not have an 
equally important role in the catalytic function of each of the 
enzymes. 

Discussion 


The observation that several structural analogues of histidine 
can mimic the inhibitory effect of this amino acid on the en- 
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zymatic synthesis of one of its early precursors, Compound III, 
suggested a possible site for the action of the analogues. How- 
ever, further examination of the effects of these analogues illus. 
trated that the demonstration of an inhibitory effect on an 
isolated enzyme system is inadequate as sole evidence for the 
mechanism of bacteriostatic action. The inhibitory effect on 
Compound III synthesis by two of the three analogues used in 
this study, 2-pyridylalanine and 1,2,4-triazolealanine, proved 
fortuitous: the principal action of the former compound was as 
an antagonist of phenylalanine, whereas the latter compound 
appeared to act by getting incorporated into protein. On the 
other hand, the bacteriostatic action of a third analogue, 2-thia- 


TaBLe IV 
Excretion of histidine by a 2-thiazolealanine-resistant mutant 


All three strains of Table II were incubated until the bacterial 
density had increased from 40 to 350 ug per ml. Cells were then 
removed by centrifugation. The culture fluid of strain TA-R, 
was passed over a column of Dowex 50-H*+. The column was 
washed with water and then with 1 n NH,OH. The NH,OH 
wash was concentrated and subjected to paper electrophoresis, 
along with a known sample of histidine, in 0.04 m citrate, pH 3.2. 
The paper was developed by spraying with diazosulfanilic acid. 


Histidine in culture fluid 




















Method of analysis of filtrate Seat Sea Wai Mobility 
Strain 
w | TA-Ri TA-R2 
pg ml cm X hr-* 
Reaction with diazosulfanilic | 
acid A a 1 
Microbiological ; o.) 2 
Paper electrophoresis at pH 3.2 | 
L-Histidine eee OD 0.68 
Product extracted by TA-R.. | | 0.67 
* 25 volts per cm. 
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Fic. 3. Histidine utilization and excretion during growth by 
E. coli strain W and by a 2-thiazolealanine-resistant mutant, £. 
coli strain TA-R;. Both organisms were grown in media supple- 
mented with 5 ug per ml of histidine. The histidine content of 
the medium was estimated at the indicated intervals by its re- 
action with diazosulfanilic acid. Histidine in the medium: strain 
W, @——®@; strain TA-R;, A——A. Growth: strain W, O - - 0; 
strain TA-R;, A-- A. 
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TABLE V 
Effect of growth in presence of histidine on formation of enzymes 
of histidine synthesis 
Each culture was incubated for 16 hours. 
each case was 0.6 g per liter. 


EE 


The yield of cells in 





Addition to Compound III (Conversion of Com- 





| 
Strain growth media | synthesis pound III to ACP 
ial mg histidine/l | myumoles X hr X mg protein™ 
W | 0 | 125 | 144 
W | 40 | 60 | 80 
TA-Ri 0 50 64 
TAR | 40 | 50 60 








zolealanine, depended principally on its ability to inhibit Com- 
pound III synthesis. 

Evidence for such a site of action is based, in part, on the 
following results: (a) accumulation of histidinol, an obligatory 
precursor of histidine, by resting cells of a histidine auxotroph 
and growth of the wild type were equally sensitive to inhibition 
by 2-thiazolealanine; (b) the bacteriostatic action of 2-thiazoleal- 
anine was overcome noncompetitively by the addition of histi- 
dine to the medium; and (c) mutants selected for resistance to 
2-thiazolealanine produced Compound III-synthesizing systems 
with decreased sensitivity to the analogue. 

These enzymes showed a parallel decrease in sensitivity to the 
normal inhibitory effect of histidine. The partial loss of sen- 
sitivity of the enzyme system in one mutant had no other de- 
tectable physiological consequence than increased resistance to 
the analogue. In contrast, another mutant which produced a 
completely insensitive enzyme system had undergone a marked 
change in its physiology. Unlike the parent strain it produced 
twice as much histidine as it could use for protein synthesis, and 
was no longer able to utilize exogenous histidine preferentially. 

The latter mutant retained the repressive effect of histidine 
on the formation of enzymes necessary for histidine biosynthesis, 
but nevertheless the organism was obviously unable to control 
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Fig. 4. Transitory inhibition of growth by 2-thiazolealanine. 
The analogue was added after 60 minutes to one of two parallel 
cultures of E. coli strain W. 
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TaBLeE VI 
Induction by 2-thiazolealanine of resistance and of increased 
capacity for synthesis of Compound III 
Each culture of E. coli strain W was incubated until the bac- 
terial density had increased from 25 to 400 wg per ml. The cells 
were then collected by centrifugation and extracts were prepared 


The growth rate constant is — : ; 
as“ & 


by sonic oscillation. In 





dry weight at tz 
dry weight at t 
ponential growth after the lag phase was over. 


, and was determined for each culture during ex- 





2. Pitsedlonlantne Compound III Duration of lag Growth rate 





synthesis phase | constant 
ae | | |— 
uw X 10-8 | ee | 

| 53 | 0’ | 1.0 

1.0 179 | 0’ 1.0 

3.0 | 240 | 8’ 0.8 

5.0 640 | 22’ | 0.7 

7.0 650 38’ 0.6 

10.0 795 75’ 0.6 





its synthesis of histidine. Thus, in the present case it is shown 
that feed-back inhibition of an early enzyme is essential for 
regulation of end product synthesis, and that such regulation 
cannot be accomplished by adjustment of enzyme levels through 
repression. This inability of histidine to regulate its own synthe- 
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Fic. 5. The effect of 2-thiazolealanine on the formation of en- 
zymes of histidine biosynthesis by EZ. coli strain W. The cultures 
were incubated until the cell mass had increased from 30 to 250 
ug per ml. Cells from 500 ml of such cultures were centrifuged, 
washed twice with 0.03 m potassium phosphate buffer at pH 7.4, 
suspended in 12 ml of buffer, and subjected to sonic oscillation 
for 5 minutes. The extracts were clarified by centrifugation at 
18,000 X g for 15 minutes. Protein was determined by the Biuret 
method with crystalline bovine serum albumin as the standard. 
The synthesis of Compound III and its conversion to ACP and 
IGP were estimated according to the method of Moyed and Maga- 
sanik (12). One mg of protein in the extract prepared from cells 
grown in the absence of 2-thiazolealanine synthesized 0.053 umole 
of Compound III per hour and converted 0.042 umole of Com- 
pound III to ACP per hour. Compound III synthesis was meas- 
ured in the absence of an amino donor which prevented its con- 
version to ACP. The conversion of Compound III to ACP was 
estimated in the absence of ATP and 5-phosphoribosyl-1-pyro- 
phosphate, the substrates for Compound III synthesis. 
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Fic. 6. The effect of growth in the presence of 2-thiazolealanine 
on the level of Compound III synthetase in £. coli strain W and 
in the 2-thiazolealanine-resistant strains, TA-R; and TA-Re. See 
Fig. 5 for conditions of growth; preparation of extracts, and de- 
termination of Compound III synthesis. A unit is equal to the 
formation of 1 ymole of Compound III in an hour. 




















2-THIAZOLE- @, y-DiAMINO 
Was SEES ALANINE BUTYRIC 
a 
} 
| 
= 
3 
Vy | 
— 
- 
| aa } 
si 0.1 0.2 - 1.6 3.2 : 200 400 
» MOLES/mI » MOLES/m! » MOLES/mi 
ae ee ee ae Se See Ll ! ! J 
0.04 0.08 6 12 120,000 240,000 


(u MOLES/m!)? (» MOLES/m!)* 


(» MOLES/m!)? 

Fic. 7. Comparison of the effects of histidine, 2-thiazoleala- 
nine, and a, y-diaminobutyriec acid on the enzymatic synthesis of 
Compound III. The extract used in these experiments was pre- 
pared from cells of FE. coli strain W grown in the presence of 0.077 
umole per ml of 2-thiazolealanine (see Fig. 5). Compound III 
synthesis was determined as described by Moyed and Magasanik 
(12) except that 5-phosphoribosyl-1l-pyrophosphate was used in 
place of ribose-5-P. V, the rate of Compound III synthesis in 
the absence of inhibitor, was 0.027 umole in 10 minutes with 0.05 
ml of extract (5.7 mg of protein per ml). Vj, is the rate of reaction 
with the indicated amount of inhibitor. @———®@, umoles per ml; 
O——O, (umoles per ml)?. 


sis by repression alone is due to the fact that maximal repression 
causes only a 50% decrease in the normal levels of the necessary 
enzymes. As synthetic enzymes in general are not susceptible 
to complete repression, the loss of sensitivity to feed-back in- 
hibition, when it occurs, should cause overproduction of a me- 
tabolite. A possibly converse situation has been described in 
which the loss of repressibility of the enzymes of arginine biosyn- 
thesis did not result in overproduction of arginine, presumably 
because one of the enzymes was still sensitive to feed-back in- 
hibition by the amino acid (18). 

The finding that a mutant can produce an enzyme which has 
become completely insensitive to feed-back inhibition by histi- 
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Fic. 8. The effect of 1,2,4-triazolealanine on the formation of 
several enzymes by £. coli strain W during growth. See Fig. 5 
for conditions of growth and for preparation of extracts. The 
synthesis of Compound III, @——®, was estimated according to 
the method of Moyed and Magasanik (12) ; inosinie dehydrogenase, 
O——O, was assayed spectrophotometrically (19); and trypto- 
phan synthetase, XxX, was estimated by the method of Yan- 
ofsky (20). 


dine while remaining susceptible to the repressive effect of histi- 
dine on its formation argues that these processes are independent 
This dichotomy is reflected by the fact that 
2-thiazolealanine can mimic the inhibitory effect of histidine on 
enzyme action but not its repressive effect on enzyme formation. 


of each other. 


As a result, bacteria are able to make a compensation which 
permits them to recover fairly rapidly from the bacteriostatic 
effect of 2-thiazolealanine. The analogue creates a histidine 
deficiency by inhibiting Compound III synthesis, thereby re- 
tarding growth. However, the deficiency also relieves repression 
of the formation of the enzymes necessary for histidine synthesis. 
The consequent increased level of the sensitive enzyme permits 
resumption of a nearly normal growth rate despite the presence 
of the inhibitor. 

The effect of 2-thiazolealanine is reminiscent of the response 
of an inducible enzyme to its inducer: greatly elevated levels of 
Compound III synthetase are produced by cells grown in a 
medium containing 2-thiazolealanine, but these soon return to 
normal values during subsequent growth unless the analogue is 
present. According to current theories of the action of inducers 
of enzyme formation, the role of the inducer is to antagonize an 
unknown but specific repressor of enzyme formation. The dem- 
onstrated mechanism of action of 2-thiazolealanine formally fits 
this model: it induces the formation of Compound III synthetase 
by antagonizing the formation of the repressor, histidine. A 
similar response of tryptophan synthetase to 3-methylanthranilic 
acid, an inhibitor of tryptophan biosynthesis, has been reported 
(12). 


SUMMARY 


Histidine is a feed-back inhibitor of the enzymatic synthesis 
of one of its early precursors, Compound III. A structural 
analogue of histidine, 2-thiazolealanine, also inhibits this synthe- 
sis. Evidence is presented that this inhibitory effect is responsi- 
ble for bacteriostasis by the analogue. The acquisition of 
genotypic resistance to the analogue results from the develop- 
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ment of an enzyme system which is insensitive not only to 2-thia- 
zolealanine but also to histidine itself. This mutant retains 
normal sensitivity to the repressive effect of histidine on the 
formation of enzymes necessary for histidine synthesis. How- 
ever, repression by itself is not adequate for the regulation of 
histidine synthesis, and the mutant overproduces and excretes 
the amino acid during growth. 

Bacteria can also develop phenotypic resistance to 2-thiazoleal- 
anine in the following manner: the analogue inhibits the synthe- 
sis of an early histidine precursor, thereby creating a histidine 
deficiency and reducing the growth rate; this deficiency relieves 
the repressive effect of histidine so that increased amounts of the 
histidine-synthesizing enzymes are formed, including the one 
which is sensitive to 2-thiazolealanine; growth can now be re- 
sumed despite the presence of the analogue. Both phenotypic 
resistance and the increased enzyme levels are lost during growth 
in the absence of the analogue. 

A comparison of the ability of compounds to mimic histidine 
as a feed-back inhibitor suggests that the necessary configuration 
is 

—C—CH.—CH-NH:—COOH 
—NH 


as in histidine, 2-thiazolealanine, 1,2,4-triazolealanine, 2-pyri- 
dylalanine, and the aliphatic compound a,y-diaminobutyric 
acid. 

Two analogues were found to inhibit Compound III synthesis, 
although one had its principal effect as a phenylalanine antag- 
onist and the other as a replacement for histidine in protein syn- 
thesis. 
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A number of years ago studies with bacteria indicated a role 
of biotin in the carboxylation reaction forming a 4 carbon unit 
essential for aspartate biosynthesis (1, 2). These studies led to 
extensive work on the role of biotin in the incorporation of bicar- 
bonate into various metabolites. A role of biotin in transcar- 
bamylase reactions was demonstrated when biotin-deficient cells 
of Streptococcus lactis 8039 and Lactobacillus arabinosus 17-5 were 
found to have appreciably less ornithine transcarbamylase and 
aspartate transcarbamylase than biotin-sufficient cells (3, 4). 
Ornithine transcarbamylase activity can be restored to biotin- 
deficient cells of Streptococcus lactis upon incubation for a short 
period of time in the presence of biotin in an amino acid medium 
(5). However, acid hydrolysates of highly purified preparations 
of the enzyme do not contain significant amounts of biotin (6), 
and, therefore, the role of biotin appeared to be an indirect one 
associated with the synthesis of the enzyme. The lack of a bio- 
tin effect on the synthesis of carbamate kinase in Streptococeus 
lactis (7) eliminated the possibility of an effect resulting from de- 
creased synthesis of the substrate, carbamy] phosphate. 

In the present investigation,! an enzymatic digest of purified 
ornithine transcarbamylase was found to replace biotin in stimu- 
lating the production of the enzyme; however, enzymatic digests 
of casein are also effective. A study of the nature of the peptides 
replacing biotin indicated that derivatives of aspartic acid, partic- 
ularly peptides of asparagine, replace biotin by supplying a 
source of 4 carbon units, the biosynthesis of which is dependent 
upon a carboxylation reaction involving biotin. 


EXPERIMENTAL PROCEDURE 


Materials and Methods 

Materials—The enzymatic digest of casein (N-Z-Case) was 
obtained from Sheffield Chemical Company. The peptides were 
obtained from Nutritional Biochemicals Corporation and Mann 
Research Laboratories, Inc. pi-Homobiotin was obtained from 
Hoffmann-LaRoche, Inc. Highly purified ornithine transcar- 
bamylase (specific activity, 80,000) was prepared as previously 
described (6). 

Methods—Biotin-deficient cells of S. lactis 8039 were obtained 
by growing the cells on a previously described amino acid medium 
(9) which was modified to contain per ml: 0.2 wg of pantothenic 
acid, 0.1 mg of pt-glutamic acid, and 0.01 myg of biotin. The 
cells were harvested after 20 to 24 hours of incubation at 30° and 


yield of cells was approximately 75 mg (dry weight) of cells pe 
liter of medium. The dry weight of cells was determined by 
the use of a turbidimeter and a standard curve of milligrams 
(dry weight) of cells versus galvanometer deflection. 

Reactivation of biotin-deficient cells of S. lactis was carried 
out in a previously described medium (5) which was modified by 
the omission of aspartic acid and biotin, and by the addition of 
5 umoles per ml of magnesium chloride. The concentration of 
cells was approximately 0.5 mg (dry weight) per ml. After 2 
hours of incubation at 30°, 0.05 ml of toluene per ml of cell sus- 
pension was added with shaking, and the incubation continued 
at 37° for an additional 15 minutes. The cells were harvested 
by centrifugation and resuspended in 0.04 m Tris buffer, pH 8.5. 
For L. arabinosus 17-5, the growth medium was further modified 
by the omission of arginine and uracil, and the biotin concentra- 
tion was 0.02 umg per ml. Reactivation of biotin-deficient cells 
of L. arabinosus was carried out at pH 7 in medium of the same 
composition as that in which the cells were grown. 

Ornithine transcarbamylase activity was determined as pre- 
viously described (6, 10). 
units (micromoles of citrulline formed per mg (dry weight) of 
cells per hour) or as per cent of control. 


The results are expressed as enzyme 


RESULTS AND DISCUSSION 


To investigate the possibilities that biotin could be bound in 
ornithine transcarbamylase in such a manner that it is destroyed 
on acid hydrolysis or that biotin is involved in the formation of a 
reactive group in the enzyme, a tryptic digest of purified ori- 
thine transcarbamylase from S. lactis was made and tested for 
its ability to replace the biotin requirement for the synthesis of 
the enzyme. The digest of the enzyme was prepared by incubat- 
ing ornithine transcarbamylase, 5 mg of protein, in 0.04 m Tris 
buffer, pH 8.5, with 0.1 mg of crystalline trypsin (50% magne- 
The mixture was heated at 90° 
for 20 minutes to stop the reaction. 


sium sulfate) for 6 hours at 25°. 
The digest was assayed for 
biotin (11), and no appreciable amount could be detected. The 
digest was then tested for its ability to replace the biotin require- 
ment for enzyme synthesis. As seen in Table I, the digest 
replaces the biotin requirement for the synthesis of ornithine 
transcarbamylase. A heated preparation of ornithine transcar- 
bamylase without enzymatic hydrolysis does not replace the bio- 
tin requirement, nor does a heated preparation of the trypsil. 


were washed twice with 0.85% sodium chloride solution. The abe : , : ie: 
: Additional evidence that the factor liberated by tryptic digestion 
A preliminary report has been published (8). is not biotin is shown by the results obtained with homobiotin. 
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TaBLe I TaBLe IV 
Replacement of biotin requirement for synthesis of ornithine Relative effectiveness of aspartate, asparagine, and 
transcarbamylase by tryptic digest of ornithine asparagine peptides in replacing biotin 
transcarbamylase 
Ornithine transcarbamylase activity 
Supplements pt-Homobiotin Te ie Supplements | | 
a — mr | L-Aspartate | L-Asparagine | Sake | enn 
None 0 32 umoles/ml | % of control* 
20 26 0 17 | | 
0.1 | | 37 43 
Biotin, mug/ml 0.3 | 42 | 52 62 
0.5 0 80 10° | , oe Ya 84 
1.0 | 0 128 3.0 28 | 51 | 68 86 
2.0 0 196 0.006] 638] 
2.0 20 2 30.0 45 CO | 
; pe Tryptie digest of ornithine * The control cells reactivated in the presence of 10 myg of 
1 by transcarbamylase, mg/ml | biotin per ml contained 328 units. 
rams 0.2 0 68 a te a as 
0.5 | 0 108 Homobiotin prevents the utilization of biotin but does not alter 
= 1.0 | 0 172 the effectiveness of the tryptic digest. 
ate 1.0 20 200 Further investigation, however, showed that enzymatic digests 
‘al as = sat : —— of other naturally occurring materials or a mixture of synthetic 
mee Tase II peptides are effective in replacing the biotin requirement. These 
ter 2 Replacement of biotin requirement by tryptic digests and synthetic results are given in Table II. A mixture containing 0.1 mg of 
| oie peptide mixture each of the peptides listed in Table Il completely replaces the 
ail = FG oa ——— biotin requirement. When the peptides in the mixture were 
catel ‘ 22 ___ tested individually, only glycylasparagine was found to be active 
18.5. Supplements Tryptic digest of | Sits din ae | en (Table III). Concentrations of 1 umole or more per ml of gly- 
. ornithine trans- | °1PCein | Peptide mixture* cylasparagine allow synthesis of ornithine transcarbamylase up 
dified carbamylase | | ” I & sy’ 2 ape y ; I 
wills — —_— to 60% of that obtained in the presence of biotin. Peptides of 
pe mg/ml : | % of controlt | a-alanine or methionine, although inactive alone, when added 
fan a 7 | | ai with glycylasparagine allow synthesis equal to that obtained 
: “ with biotin. 
5 pre. 29 - pcs As seen in Table IV,a high concentration of exogenous aspartic 
“ie 03 45 52 acid replaces the biotin requirement to some extent but is far 
ht) 2 1.0 87 96 less effective than asparagine, glycylasparagine, or glutamyl- 
| 











: asparagine. It is of interest to note that the peptides are not 

* The peptide mixture contained the indicated amounts of each only active at lower exogenous concentrations but also replace 
of the following peptides: L-alanyl-L-phenylalanine, 8-alanyl-t- the biotin requirement to a greater extent. This is in accord 
histidine, glutathione, and the glycyl peptides of pi-isoleucine, with many previous reports which have shown that peptides are 


in ae piss . : wae : : ¢ me 
und i-leucine, bL-methionine, pi-threonine, pu-serine, L-tyrosine, DL- often more effectively utilized by whole cells than the correspond- 























“a ao ptophane, t-proline, L-glutamic acid, t-lysine, and ing amino acid. Reactivation of the biotin-deficient cells in the 
on ol a : . ae tia sas . . : 
1 oni- t The control cells reactivated in the presence of 2 mug of biotin — nae Soe and ——w “id bis — r pept ide a — 
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centration (0.03 to 0.3 umole per ml), the extent of enzyme 
synthesis is approximately 60% of that obtained with biotin. 
Glycyl-L-asparagine and L-aspartic acid replace the biotin re- 
quirement to a lesser degree. 

Blanchard et al. (12) had previously shown that biotin is 
required for the synthesis of the adaptive malic enzyme in L. 
arabinosus. Partially purified preparations of the malic enzyme 
do not contain significant amounts of biotin (13) and are not in- 
hibited by avidin (14). Recent studies? with ZL. arabinosus have 
shown that the biotin requirement for malic enzyme synthesis 
can be replaced by asparagine peptides. 

It appears, therefore, that the function of biotin in the synthe- 
sis of at least two enzymes, which are affected by a biotin de- 
ficiency but which do not contain biotin, is in the biogenesis of 
a4carbon unit. This 4 carbon unit can be synthesized through 
a carboxylation reaction by the organism or supplied exogenously 
by derivatives of aspartic acid. Since the original reports (1, 
2) of a role of biotin in the carboxylation reaction, biotin has 
been found to be involved as a component of enzymes which 
carboxylate propionate (14) and pyruvate (15), and which carry 
out the transfer reaction between methylmalonate and pyruvate 
(16). The nature of the reaction involving biotin in the synthe- 
sis of a 4 carbon unit in S. lactis and L. arabinosus is still un- 
known. 


SUMMARY 
An enzymatic digest of purified ornithine transcarbamylase 
replaces the biotin requirement for ornithine transcarbamylase 
synthesis in Streptococcus lactis 8039. However, enzymatic 
digests of casein and a mixture of synthetic peptides are also 
effective. Of the peptides tested individually, only derivatives 
of aspartic acid (in particular, asparagine and peptides of aspar- 


2 Manuscript in preparation. 
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agine) were found to replace the biotin requirement. Similar 
results were obtained in studying the synthesis of ornithine 
transcarbamylase in Lactobacillus arabinosus 17-5. It appears, 
therefore, that the function of biotin is in the synthesis of a 4 
earbon unit. This 4 carbon unit can be either synthesized by 
the organism through a reaction involving biotin or supplied 
exogenously by derivatives of aspartic acid. 
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The enzyme, thymidylate synthetase, catalyzes the methyla- 
tion of deoxyuridylate to thymidylate, with formaldehyde as the 
source of the methyl group, in the presence of tetrahydrofolate. 
Some of the properties of this enzyme system in crude soluble pro- 
tein extracts of rat thymus have previously been reported (1). 
Reports have also appeared of this enzyme reaction in Escherichia 
colt (2, 3). 

The present communication describes the purification of 
thymidylate synthetase from calf thymus, the kinetic properties 
of the reaction, and some observations on the reaction mecha- 
nism. 


EXPERIMENTAL PROCEDURE 


Materials 


Protamine sulfate was obtained from Nutritional Biochemicals 
Corporation, DEAE-cellulose from Eastman Kodak Company or 
Brown Corporation, and folic acid from the Lederle Laboratories 
Division of the American Cyanamide Company and Mann Re- 
search Laboratories, Inc. 


Analytical Methods 


Incubation Procedure—Incubations were performed for 1 hour, 
unless indicated otherwise, at 37° in a Dubnoff shaking metabolic 
incubator under nitrogen. The reaction vessels, 20-ml beakers, 
contained the following components in a total volume of 1.8 ml: 
0.3 to 1.0 ml of enzyme solution (6 g of protein per liter), 0.05 m 
Veronal buffer, pH 7.6, 1.25 mm formaldehyde, 1.5 mm dUMP, 
and 1.25 mm folate-H4.! Two-tenths milliliter of 4 n HClO, 
was added to terminate the enzyme activity. The thymidylic 
acid formed is stable for weeks in the HCI1O, solution at room 
temperature and can be analyzed as is convenient. 

Determination of Bound and Free Thymine—The HClO, 
filtrates from the incubations were transferred to heavy-walled, 


* Aided by Research Grants CY-3175 and H-3074 from the Na- 
tional Institutes of Health and by Research Grants G-12895 and 
T-88 from the National Science Foundation and the American 
Cancer Society, respectively. This study was presented in part 
at the 138th National Meeting of the American Chemical Society, 
New York City, September 11 to 16, 1960. 

‘One-half milliliter of 0.05 m Veronal buffer was used to dissolve 
dmg of folate-H, contained in a vial; 0.5 ml of 25 mm formaldehyde 
solution was immediately added to make the nonenzymatic stable 
complex 5,10-methylene-folate-H, (4, 5). This prevented the 
rapid oxidation and degradation of folate-H, to folate-H, and other 
products. 1,2-Dimercaptopropanol, ascorbic acid, mercapto- 
ethanol, and cysteine were not as effective as formaldehyde in pre- 
venting the hydrolysis or oxidation of folate-Hy. 


10-ml centrifuge tubes, the protein was centrifuged down, and 
the supernatant liquids were decanted into 5-ml test tubes. 
The thymidylic acid was determined by the method of Roberts 
and Friedkin (6), somewhat modified to remove folic acid 
degradation products. In this method, bromination of the 
thymine results in an alkali-unstable product, that decomposes 
with the formation of acetol (from the C—5—CH; group) in 
alkaline solution. The acetol coupled to o-aminobenzaldehyde 
yields a 3-hydroxyquinaldine derivative whose fluorescence can 
be measured with the Farrand spectrofluorometer. 

To perform the analysis, 30 ul of a 1:2 dilution of saturated 
bromine water were added to 1-ml aliquots of the test samples 
and these were allowed to stand at room temperature for 20 min_ 
utes. The alkalinity was then adjusted to 0.15 N in each sampl 
by addition of 0.15 ml of 4 n NaOH (in 0.01 m EDTA). To 
remove folate-H,; decomposition products (which also form 
interfering fluorescing material) the alkaline solutions were 
filtered with suction through a 1.25-cm bed of Dowex 1 (Cl-) ina 
sintered glass funnel (2-cm inside diameter, 1.3 em high, medium 
porosity). The acetol was recovered quantitatively in 5-ml 
volumetric flasks by washing first with 1 ml and then with 0.5 ml 
of 0.15 n NaOH (in 0.01 M EDTA). The final concentration of 
NaOH is critical for the coupling reaction and the concentrations 
of the HClO, and NaOH requires careful adjustment. 

The coupling with o-aminobenzaldehyde was carried out by 
adding 60 ul of the latter to each flask and then heating the 
stoppered flasks in a water bath at 73° for 30 minutes. The 


2 Because folate-H,, folate-He, and their degradation products 
fluoresce at the same wave lengths, it was necessary to remove 
these compounds from the incubation mixture to avoid high blank 
correction. Moreover, nonenzymatic chemical changes of folate- 
H, take place in the presence of the substrate, (UMP, and give 
false thymine values. This interference was eliminated by pas- 
sage of the brominated samples in alkaline medium through Dowex 
1 (Cl-). Nonenzyme blanks were run routinely to correct for 
any residual interference. The experiments were run in pairs, 
one sample with dUMP, the other without dUMP, to correct for 
any fluorescence from the enzyme, etc. 

3 The abbreviation used is: EDTA, ethylenediaminetetraacetic 
acid. 

4The volume of o-aminobenzaldehyde added varies with each 
preparation of amine. Sixty microliters are used if the absorb- 
ancy at 260 my is 534 for 0.1 ml diluted to50 ml. The volume must 
be adjusted so that this constant amount of amine is used for each 
assay. The proportionality of the method to thymine content is 
greatly influenced by the concentration of the amine as well as the 
degree of fluorescence. A balance between optimal concentra- 
tion for the reaction and the minimal level for quenching of the 
fluorescence is attained by trial. 
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TABLE I 


Summary of purification of thymidylate synthetase from calf thymus 


Enzyme fraction Pero be ame Recovery 
units in o 
thousands* : 
Crude homogenate............ 46.0 1.2 100 
First (NH4)2SO, fraction. . 34.5 | 29.3 77 
Heat treatment..... She tc 30.2 60.5 68 
Second (NH,)2SO, fraction Modi 22.8 | 118.3 50 
DEAE-cellulose fraction........... 16.2 | 200.0 35 
Protamine sulfate treatment....... 14.1 | 260.0 30 


* One unit of enzyme is the amount that forms 1 my thy- 
midylate per hour from dUMP under the standard assay condi- 
tions. Specific activity is defined as enzyme units per mg of pro- 


tein. 


flasks were cooled, and 2 drops of bromothymol blue indicator 
were added to each; 0.1 M sodium phosphate buffer, pH 7.6, was 
then added followed by 0.1 n HC! to adjust the pH to 6.9. The 
flasks were made up to volume with additional phosphate buffer. 

Three standards containing 5, 10, and 20 ug of thymidine per 
flask, respectively, and a blank were run with each assay series. 

Protein Determination—In crude enzyme preparations this was 
determined by the biuret method (7). With purer preparations 
the ultraviolet absorption method was used (7) and the proteins 
were calculated from the ratios at 280 my and 260 mu. 


Purification of Enzyme 


Calf thymus (fresh or thawed from frozen storage) was cut up 
into small pieces and homogenized with 4 volumes of 0.05 mM 
Veronal buffer,® pH 7.6 for 1.5 minutes at low speed in a Waring 
Blendor. The homogenate was centrifuged in 250-ml bottles 
(Nalge Company) in a Lourdes refrigerated centrifuge for 20 
minutes at 16,000 x g and the residue was discarded. A _ por- 
tion of the supernatant liquid was dialyzed and tested for enzyme 
activity. 

Solid (NH4)2SO, was added slowly with stirring to 70% satura- 
tion. The precipitate contained the phosphatase activity toward 
dUMP. To the supernatant solution, additional solid (NH,)2- 
SO, was added to 90% saturation. The precipitate was dis- 
solved in buffer and dialyzed overnight against 4 liters of Veronal 
buffer, pH 7.6. The enzyme is quite unstable to high concen- 
trations of (NH4).SO, and the salting ‘out procedures should be 
carried out as rapidly as possible. Addition of Veronal buffer 
prevents the pH from dropping below 7.0. The enzyme is also 
unstable at acid pH values. 

Purification by heating was performed by heating flasks of 
the enzyme in a hot water bath to 70°, while the contents were 
kept agitated for approximately 3 minutes, and keeping the 
enzyme solution at this temperature for 5 minutes, with con- 
tinued agitation. The protein precipitate was centrifuged down 
and a second ammonium sulfate fractionation was carried out 
on the supernatant liquid as already described. 

For the column chromatography procedure, the DEAE-cellu- 
lose was first purified by stirring with 1 N alkali for } hour and 
then washing with water by decantation until neutrality was 


restored. The DEAE-cellulose column (2.5 X 40 em) was 


*>H.O and 0.05 m Tris buffer, pH 8.4 were only approximately 


as good as Veronal buffer for extraction of the enzyme. 
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equilibrated with 0.02 m glycine in buffer, pH 7.6; 200 to 259 
mg of protein solution, mixed with an equal volume of the gly. 
cine-buffer mixture were introduced into the column. After 
two washings with 10 ml each of glycine solution, gradient ely. 
tion was performed with 500 ml of the glycine buffer in the 
mixing chamber and a solution containing 0.02 mM KH»PO,, 0.02 
M K2HPOs,, and 0.02 m glycine at pH 7.2 in a separatory funne] 
connected with the mixing chamber. Samples were collected 
in a Gilson fraction collector (cooled to 5°) with an ultraviolet 
absorption attachment to give a record of the elution of protein 
from the column. The samples were stored in a refrigerator 
overnight and assayed the next day. 

The red colored enzyme solution from the column fractiong. 
tion was next treated with protamine sulfate to remove nucleic 
acid impurities. Aqueous protamine sulfate (10 mg per ml) was 
added until a permanent turbidity developed. The solution 
was centrifuged to remove the particulate material. This proc. 
ess was repeated until no further precipitate formed. Two 
treatments with protamine sulfate usually sufficed. This treat- 
ment decreased the ratios of absorbancy at 260:280 muy from 
1.4 to 0.9. A summary of the degree of enrichment and the 
enzyme recovery at the different stages of the purification pro- 
cedure is given in Table I. 

Attempts at purification with low temperature ethanol frac. 
tionation, calcium phosphate gel, alumina gel Cy, and electro. 
phoresis on a Porath column, with Geon type 427 resin as the 
solid phase, proved ineffective. The column electrophoresis 
runs yielded four protein peaks, but no significant increase in 
specific activity was observed in any of the peaks. The enzyme 
was distributed between all of the four protein peaks. A sedi- 
mentation test of the purified enzyme in the Spinco analytical 
centrifuge showed the migration of only a single boundary. 
However, this boundary spread and became highly diffuse as 
it moved. A salt anomaly may have been involved in the 
boundary spreading as well as the heterogeneity of the protein. 
The high salt concentration required to precipitate the enzyme 
and the characteristics of the sedimentation in the ultracentri- 
fuge suggest that thymidylate synthetase has quite a low mo- 
lecular weight. 


Properties of Purified Enzyme 


Effect of Enzyme Concentration—The increase in thymidylate 
synthesized was shown to be proportional to the enzyme con- 
centration up to 10 mg of protein per incubation vessel (Fig. 1). 
The experimental points obtained all fall very well on a straight 
line. The amount of thymine-methyl synthesized in this test 
was 38.5 mumoles per mg of enzyme protein per hour. 

Effect of pH—The effect of pH on the reaction was measured 
over the pH range of 5.7 to 9.0, with 0.05 m Veronal and phos- 
phate buffers. The plot of enzyme activity against pH is 
given in Fig. 2. The curve shows that the enzyme has a very 
sharp optimal peak at pH 7.6. 

Effect of Substrate Concentration—The influence of increasing 
dUMP concentration (folate-H, maintained constant) and of 
increasing concentration of folate-H, (at constant dUMP) on 
the reaction velocities were determined. K,, values were esti- 
mated from extrapolations of the straight lines of double recipro- 
cal plots to the intercepts on the —1/S axis. The figures ob- 
tained were 2.4 X 10-* m for (UMP and 0.95 x 10-® M for 
folate-H,4, respectively. 


Stoichiometry of Reaction—To obtain synthesis of thymidylate 
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360 tion spectrum of the latter upon running the reaction to com- 

a pletion. A similar reductive function for folate-H, has been 
8 s00b observed in the enzymatic hydroxylation of phenylalanine to 
~ ° 
3 tyrosine (11). 
> . ( 
é Study of Mechanism of Reaction 
& 200+ In our previous studies with crude enzyme preparations, it 
3 was observed that folate-H, could be used in catalytic amounts 
g and that the reaction could be made to continue by supplying 
y DPNH as the hydrogen donor (1, 12). TPN or TPNH was 
s 100 |- observed to inhibit the reaction. Similar results have been 
= reported by McDougall and Blakley (13). Inhibition by the 
x 
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Fie. 1. Test of proportionability between enzyme concentra- 
tion and thymine-methyl formed. See text for experimental pro- 
cedure. 
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Fie. 2. Effect of pH on activity of thymidylate synthetase. 
Phosphate buffer pH 5.7 to 6.8;Veronal buffer, pH 7.2 to 9.0. 


requires only formaldehyde, dUMP, folate-H,, and enzyme. 
Because the formaldehyde is reduced to a methyl group, a 
source of 2 atoms of hydrogen per molecular equivalent of 
methyl is required. It has been suggested by us (1, 8) and by 
Friedkin (9) that tetrahydrofolate serves as the hydrogen donor. 
It would be gratifying to establish this by demonstrating a pro- 
portionality between the thymine formed and the folate-H, 
oxidized. This is extremely difficult to do because of the degra- 
dation of the folate compounds during incubation. It is possi- 
ble, however, to demonstrate that there is a one-to-one corre- 
spondence between the initial concentration of the folate-H, at 
low concentrations of the compound and the amount of thy- 
midylate synthesized. The results of such experiments are 
summarized in Table II. It is to be seen that up to a concen- 
tration of 47 wmoles per liter of folate-H,4, in which, it may be 
presumed that the effective isomer has been completely utilized 
for thymidylate synthesis, the molar ratio of folate-H, present 
to thymine synthesized is very close to the expected value of 1. 
This confirms a previously reported result with a crude enzyme 
preparation (1). At higher values of folate-H,, the molar ratio 
of folate-H, to thymine is progressively increased, as would be 
expected, because the reaction then no longer results in the com- 
plete utilization of the folate-H,. 

McDougall and Blakley (10) determined the formation of 
folate-H, in the same reaction by the appearance of the absorp- 


triphosphopyridine nucleotides was also found to occur with 
the purified enzyme. The inhibition was over 90% at a con- 
centration of 1.2 mm. 

Although DPNH did not inhibit the utilization of folate-H, 
in the presence of the purified enzyme, it was found not to re- 
duce the folate-Hz, presumably formed, and thus allow the 
reaction to progress. Continuation of the reaction could not 
be promoted by the addition of purified sheep liver dihydro- 
folate reductase with either DPNH or TPNH. 

This finding was puzzling inasmuch as dihydrofolate reductase 
readily catalyzes the reduction of chemically prepared folate-H» 
to folate-H, by TPNH. 

Possible explanations for these results are: (a) the product of 
the oxidation of folate-H, in the thymidylate synthetase reac- 
tion is an isomeric form of dihydrofolate not attacked by dihy- 
drofolate reductase, or (b) that a specific dihydrofolate reductase 
which utilizes DPNH at physiological pH values is present in 
thymus tissue that is required for the continuous operation of 
this reaction cycle. It was noted above that TPN strongly in- 
hibited the synthesis of thymidylate. 

The following experiments, designed to test the reason for 
noncycling of the reaction, were performed. 

The reaction product of the oxidation of folate-H, did not 
react with either DPNH or TPNH upon addition of purified 
sheep liver dihydrofolate reductase (Table III). However, 
when some of the 50 to 60% saturation of (NH,).SO, fraction 
of thymus homogenate was added with DPNH, the reduced 


TABLE II 


Stoichiometric relationship between tetrahydrofolate concentration 
and thymine synthesis 

Reaction flasks contained in a volume of 1.8 ml, 3 mg of enzyme, 
2.78 mm dUMP, the concentrations of folate-H, shown in the table, 
and an equivalent amount of formaldehyde of folate-H, shown in 
the Table in 0.05 m Veronal buffer, pH 7.6. Incubations were run 
as described under “Incubation Procedure.’’ Concentrations of 
folate-H, were estimated by iodine titration. 

















Folate-Hi* | Thymine formed Ratio folate-Hs to thymine 
uM 
24.9 26.8 0.90 
47.2 48.3 1.00 
70.5 | 66.2 1.07 
94.5 | 84.0 1.12 
118.5 106.0 1.12 
137.0 | 115.0 1.19 
35.0t | 34.0 1.03 





* Enzymatically active folate-H, isomer. 
+ Average of four determinations in another experiment. 
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TaBLe III 
Effect of crude thymus extract* on reduction of dihydrofolate 
Preincubation with dUMP, formaldehyde, and folate-H,, 2.8 
mm each, (active isomer) and 2 mg of enzyme protein in 0.05 m 
Veronal buffer, pH 7.6, in 1.8-ml volume. 





Test incubation 


Additions age aa ares a gee ae 
| A-Pyridine | Thymine 
nucleotide formed 

uM 
Dihydrofolate reductase + DPNHt 8 167 
Dihydrofolate reductase + TPNHf teal 5 160 
Thymus extract, 3 mgt, + DPNH ; 41 151 
Thymus extract, 5 mg, + DPNH a 71 157 
Thymus extract, 10 mg, + DPNH.......... 127 163 


Thymus extract, 5 mg, + TPNH act ee 0 153 

* Thymus extract was fraction precipitated by 50 to 70% satu- 
ration of (NH4)2SOx,. 

7 DPNH or TPNH concentration 0.2 mm. 

t Amount of thymus extract per incubation vessel. 


pyridine nucleotide was oxidized; the amount oxidized was 
increased with the quantity of crude extract added (Table ITI). 
In another experiment, performed with increasing concentra- 
tions of folate-H, and addition of the 50 to 60% saturation of 
(NH,).SO, fraction (Fig. 3), the presence of DPNH significantly 
increased the yield of thymine-methy] above that with folate-H, 
alone, up to comparatively high concentrations of folate-H,. 

This result does not distinguish between whether the homoge- 
nate contains an isomerase that converts the material (presuma- 
bly the 5,8-folate-H:) in the incubation mixture to the enzymati- 
cally reducible 7,8-folate-H. (14, 15) or a DPNH-mediated 
folate-H» reductase active in this enzyme system. } 

Utilization of Enzymatically-formed Folate-H, by Thymidylate 
Synthetase—To determine whether enzymatically reduced 
folate-H, was a substrate for thymus gland thymidylate syn- 
thetase, folate-H: was reduced with crude enzyme preparation 
from thymus with DPNH as the hydrogen donor. This mate- 
rial was then used in an incubation with thymidylate synthetase 
and formaldehyde. The enzymatically formed folate-H;, was 
utilized substantially for thymine synthesis in this experiment. 

A large scale incubation (8-ml volume) was carried out for 1 
hour at 37° under nitrogen of the following mixture: 3.4 mm 
DPNH (in Veronal buffer), 1.6 mm folate-H2 (suspension in 2 
ml of 0.005 m HCl), 1.9 g per liter of enzyme protein (60 to 70% 
saturation of (NH,4).SO, fraction), 0.05 m Veronal buffer, pH 
7.6. The observed change in absorbancy obtained was 0.196. 
The calculated absorbancy value at 340 my for complete oxida- 
tion of DPNH was 0.201. The per cent reduction to folate-H, 
was estimated to be 0.196/0.201 = 97%. Because the dihydro- 
folate concentration in the incubation mixture was 1.6 mM, there 
was a conversion to 1.55 mo of folate-H,. 

To test the utilization of the enzymatically formed folate-H,, 
aliquots of the incubated material were mixed with equal vol- 
umes of solution containing 1.6 mm of formaldehyde; 0.4-ml 
(0.32 mM) and 0.8-ml (0.64 mm) portions of the diluted mixture 
were then incubated with 2 mm dUMP, 2 mg of thymidylate 
synthetase, and Veronal buffer in a total volume of 1.8 ml in 
the usual manner. The concentrations of thymidylate formed 
were 0.25 and 0.46 mM, respectively. These figures represent 


78% and 72%, respectively, of the theoretical amounts oj 
folate-H, present. 

Test of Possible Presence of Dihydrofolate Isomerase—In this 
test, a large scale incubation also was performed to prepare the 
oxidation product of folate-Hy. The composition of the incubg. 
tion medium was: 2.5 mM folate-H,, 2.5 mm formaldehyde, 1,35 
mM dUMP, 0.75 g per liter of enzyme protein (75 to 90% saty. 
ration of (NH4).SO, fraction), and 0.05 m veronal buffer, pq 
7.6. A control test was run in which dUMP was omitted 
After incubating for 30 minutes, the mixture was cooled in ap 
ice bath at 0° and 2-ml aliquots were used to test for “isomer. 
ase”’ activity. 

This test was performed by adding to each 2 ml of the jp. 
cubate, 0.2 ml of purified sheep liver dihydrofolate reductase 
(0.2 g per liter), 0.2 ml of the different (NH4)2SO4 fractions of 
thymus homogenate, and 0.05 ml of 0.2 mm TPNH made up 
to a 3-ml volume with 0.05 veronal buffer, pH 7.6. Similar 
mixtures were prepared from the control incubations without 
dUMP. The results obtained with these incubations are p. 
corded in Table IV. 

It was pointed out above that the highest dihydrofolate pr. 
ductase activity was present in the 60 to 70% (NH4)SOx frae. 
tion, although the 50 to 60% fraction was also approximately 
60% as active. The above results appear to indicate the pres. 
ence of an “isomerase”? which is sharply confined to the 50 to 
60% saturation of (NH4).SO, fraction. 

A similar experiment was attempted with DPNH as the re. 
ducing agent, but without addition of extraneous dihydrofolate 
reductase, because this was contained in the thymus homogenate 
fractions. In this test, as expected, there were no significant 
differences in the oxidation rates of DPNH between the test 
samples incubated with dUMP and those incubated without 
dUMP. 

Tests for Other Coenzymes—Work with other methylating 
enzyme systems leads to the inference that a riboflavin compo- 
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Fic. 3. Effect of DPNH on the synthesis of thymine-methy! 
with increasing concentrations of folate-H,. Incubation mediums 
were prepared containing 1.25 mm dUMP, varying and equivalent 
concentrations of folate-H,, and formaldehyde (to form folate- 
H,-formaldehyde complex), in 0.05 m Veronal buffer, pH 74. 
Duplicate portions of 1.8 ml volume of each mixture, one with and 
the other without DPNH, were incubated with 2.5 mg of purified 
thymidylate synthetase and 2 mg of 50 to 70% ammonium sulfate 
saturation fraction of thymus homogenate (source of thymus di- 
hydrofolate reductase) for 1 hour under Ny, at 37°. Assay for 
thymine-methyl was performed in the usual manner: @, with 
DPNH; O, without DPNH. 
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nent and vitamin By. might be coenzymes of thymidylate syn- 
thetase. 

Information on a flavin coenzyme was sought by testing for 
inhibition of the reaction by acridine. The result was negative. 
Other tests which yielded negative results were: The enzyme 
preparation showed a strong absorption peak at 410 mu. This 
was not affected by NaHSOs, which might be expected if a 
favin moiety was present. Addition of FAD had no effect on 
the reaction rate. 

Tests for a vitamin By function were made by adding NaCN 
to the incubation mixture, exposure to strong light, and adsorp- 
tio of the enzyme on charcoal. None of these measures pro- 
duced any appreciable change in enzyme activity. However, 
these negative tests are not conclusive evidence, inasmuch as 
Lengy] et al. (16) obtained similar negative results with methyl- 
malonyl isomerase, but demonstrated a coenzyme function for 
vitamin By by dissociating it from the enzyme from ammonium 
sulfate solution with acid. 


DISCUSSION 


From its solubility and sedimentation characteristics, thymus 
thymidylate synthetase appears to be a comparatively low 
molecular weight protein. The results of column electrophore- 
sis of the enzyme preparation suggests that the enzyme protein 
either consists of several protein species or is complexed with 
other proteins to yield at least four separate components of 
differing electrical mobility. 

The ability of folate-H, to serve as a hydrogen donor for the 
reduction of formaldehyde to methyl, seems indisputable, be- 
cause no other obvious source of hydrogen is present in the re- 
quired components of the incubation mixture. The conclusion 
is supported by the one-to-one proportionality between thy- 
mine-methyl formed and folate-H, concentrations at low levels 
of the latter (Table II). A similar reductive function of fol- 
ate-H, has been discovered in the hydroxylation of phenylala- 
nine to tyrosine (11). 

An interesting observation is the inability of purified liver di- 
hydrofolate reductase to catalyze the hydrogenation of the oxi- 
dation product, presumably folate-H2, formed from folate-H, 
during thymine-methyl synthesis. McDougall and Blakley 
(10), however, observed no difficulty in catalyzing the reduction 
of folate-H», which is generated in the same manner by reaction 
with thymidylate synthetase isolated from Streptococcus faecalis 
R, with a dihydrofolate reductase from the same organism in 
the presence of TPNH. Perault and Pullman (17) have cal- 
culated the electrical charge distribution of the several forms of 
folate-H. and have concluded that the 5,8-folate-H. would be 
strongly resistant to reduction, because of its unusually low 
ionization potential and its extremely pronounced electron donor 
capacities. Inasmuch as C-6 is an asymmetric carbon, 5,6-di- 
hydrofolate is an improbable form of the compound, because 
100% of the dihydrofolate reacts in the dihydrofolate reductase 
system (14). From this and chemical evidence (15) it has been 
argued that the 7 ,8-dihydrofolate is the substrate for dihydro- 
folate reductase. The results reported in this article suggest 
that the several possible forms of dihydrofolate do not tauto- 
merize readily, and that an “isomerase” may be required to 
catalyze the interconversion of the different isomers. 

Suggestive evidence for this are the data reported in Table 
IV. The ammonium sulfate fraction which catalyzes the utiliza- 
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TaBLeE IV 
Test for possible presence of folate-H2z isomerase in 
thymus extracts 
__ Contents and incubation procedure are given in the text. 





(NHa)2SO« 





Difference | Calculated 
saturation Sample* A Axo tween folate-Hz 
fraction A and B | formed 
ae | 
% | | | mM 
50-60 A 0.89 ; 
| > 
B } 0.35 aaaes | ites 
60-70 A | 0.45 | “ 
B 0.31 0.14 | 0.07 
| 
70-75 A 0.49 | “ 
B | 0.35 0.14 0.07 








* Samples A with, B without dUMP. 


tion of DPNH (50 to 60% saturation) is one found to be poor 
in dihydrofolate reductase; the latter comes down in the 60 to 
70% saturation fraction. Further work leading to a more com- 
plete separation of the several enzyme activities and on the 
identification of the different isomers of dihydrofolate, if they 
exist, will be required before the true explanation of the re- 
sistance of enzymatically formed dihydrofolate can be deter- 
mined. 

Tests for the possible requirements of a riboflavin and vitamin 
By coenzyme in the thymidylate synthetase reaction gave nega- 
tive results. However, these cannot be accepted as conclusive 
until the degree of purity of the enzyme is better known and 
results with coenzyme dissociation experiments are performed. 


SUMMARY 


1. The enzyme, thymidylate synthetase, has been purified 
over 200-fold from thymus gland homogenates. The required 
components for reaction with the purified enzyme preparation 
are deoxyuridylate, formaldehyde, and tetrahydrofolate. There 
is strong evidence that tetrahydrofolate is the hydrogen donor 
for reduction of formaldehyde to thymine-methy]. 

2. Attempts to utilize tetrahydrofolate catalytically by adding 
purified liver dihydrofolic reductase and a reduced pyridine nu- 
cleotide were unsuccessful. The addition of crude thymus 
homogenate induced the reduction of the enzyme reaction prod- 
uct of tetrahydrofolate by reduced diphosphopyridine nucleo- 
tide in the presence of liver dihydrofolate reductase, but not by 
reduced triphosphopyridine nucleotide. 

3. Evidence has been obtained of the possible presence of an 
“isomerase” in thymus extracts that converts the tetrahydro- 
folate oxidation product to 7 ,8-dihydrofolate, the form that is 
presumed to be the substrate for dihydrofolate reductase. 
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Applications of isotopic techniques have contributed consid- 
erably to the understanding of kinase mechanisms. Studies 
with O"8 (1-3) have shown that various kinase reactions proceed 
by transfer of a phosphoryl group without exchange of the phos- 
phory] oxygens with water or substrates. Evidence that the 
kinase reactions do not involve formation of a phosphory! en- 
zyme intermediate is given by the inability of pyruvate kinase 
to catalyze an exchange of pyruvate-C™ with phosphoenolpyru- 
vate (1, 2) and of acetate kinase to catalyze exchange of acetate- 
C¥ with acetyl phosphate (4) in the absence of adenine nucleo- 
tides. A phosphoryl enzyme intermediate has been suggested 
for the hexokinase reaction (5), but the findings of more recent 
experiments with hexokinase as well as with pyruvate kinase 
argue strongly against this possibility (6). These and the pre- 
viously mentioned results support the suggestion made earlier 
(1-3, 7) that the kinase reactions proceed by a direct transfer* 
ofa phosphoryl group from the donor to the acceptor. 

Kinetic and binding studies with pyruvate kinase should re- 
veal if substrate interactions occur in a manner consistent with 
a direct transfer mechanism, and it is the principal purpose of 
this paper to report the results of such studies. In a direct 
transfer mechanism, adenosine diphosphate and adenosine tri- 
phosphate would be expected to share one binding site, and 
pyruvate and phosphoenolpyruvate another binding site on the 
enzyme, with the further provision that the binding occur so 
that the transferable phosphoryl group of adenosine triphos- 
phate or of phosphoenolpyruvate occupies a common position 
ontheenzyme. Biicher has suggested, however, that in catalysis 
by 3-phosphoglycerate kinase, the adenosine triphosphate occu- 
pies a different site than adenosine diphosphate on the enzyme 


*Supported in part by Grants RG 4930 and A-3441 from the 
National Institutes of Health, United States Public Health Serv- 
ice, by contract AT(11-1)341 of the Atomic Energy Commission, 
and by the Hill Family Foundation. 

+ Present address, Department of Biochemistry, University of 
Washington, Seattle, Washington. 

t Postdoctorate Fellow of the United States Public Health 
Service. 

' Five kinase reactions and the P-glyceromutase reaction have 
been shown to involve transfer of a phosphoryl group. The same 
pattern probably holds for other similar enzymes. Thus, it is 
chemically incorrect to refer to these reactions as phosphate trans- 
fer reactions, and they are referred to herein as phosphory! trans- 
fer reactions. 

? As used herein ‘direct transfer’? means that in the catalysis 
the phosphoryl group from the donor does not become covalently 
attached to any atom other than the oxygen of the acceptor. This 
is distinct from a meaning which implies only that the phosphoryl 
group does not interchange with orthophosphate of the medium. 


(8). The findings presented herein give strong support to a 
direct transfer mechanism for pyruvate kinase, and indicate that 
the data for 3-phosphoglycerate kinase are likewise consistent 
with such a mechanism. 


EXPERIMENTAL PROCEDURE 





Reagents—The pyruvate kinase used during most of these 
studies was prepared by the procedure of Tietz and Ochoa (9) 
except with the 5-minute heating time reduced to the time re- 
quired to form a maximum of visible precipitate (approximately 
3 minutes). Longer heating caused loss of pyruvate kinase 
activity. The preparations used for most of the studies reported 
herein had specific activities estimated to be approximately equal 
to the best preparations of Tietz and Ochoa (9) and of Kupiecki 
and Coon (10). Paper electrophoresis experiments with such 
enzyme preparations, at pH 4.5, at which point the enzyme 
shows definite instability, have shown up to three protein bands, 
and Tietz and Ochoa (9) found that prolonged solution electro- 
phoresis at pH 7.1 showed the presence of several components 
with varying pyruvate kinase activity. The apparent electro- 
phoretic heterogeneity may reflect, in part, changes in protein 
structure during the analysis. Traces of adenylate kinase and 
ATPase activities have been found in all preparations examined. 
Limited attempts at further purification of pyruvate kinase by 
chromatographic techniques were not successful. Pyruvate 
kinase was completely inactivated when solutions at low ionic 
strength near neutrality were added to diethylaminoethy] cellu- 
lose columns, and appeared in the dead volumes of phosphory! 
cellulose or Dowex 50-Na*+ columns with no significant increase 
in specific activity. 

Adenylate kinase and AgBa-P-enolpyruvate were purchased 
from C. F. Boehringer and Soehne, Mannheim, Germany. The 


AgBa-P-enolpyruvate was converted to the soluble K* salt by 


3 The specific activity of typical preparations used in these ex- 
periments was approximately 120 umoles of pyruvate formed per 
mg of enzyme per minute at 37° and pH 9.0 with 0.6 mm ADP, 
0.6 mm P-enolpyruvate, 7 mm MgSQ,, and 0.08 m total ammonia 
as NH,CI-NH,OH. When measured at 25° and pH 7.0 with 0.1 m 
imidazole buffer, 0.1 m KCl, 4 mm MgCle, 1 mm P-enolpyruvate, 
and 4 mm ADP as in the coupled assay of Tietz and Ochoa (9), 
adapted from Biicher and Pfleiderer (10), the specific activity was 
approximately 240. The activities reported by Tietz and Ochoa 
(9) and by Kupiecki and Coon (11) are based on the Ao for eno- 
lase (12, 13), namely, about 1.10 X Ass = milligrams of enzyme 
per ml; when calculated with the factor reported for pyruvate 
kinase (10), Aso X 1.85 = milligrams of enzyme per ml, their 
best specific activities were approximately 268 (9) and 280 (11) in 
their coupled assay system. 
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mixing approximately 200 mg with 2 ml of a slurry containing 
roughly 1 ml of Dowex 50-H*, and passing through a column of 
Dowex 50-H+, 0.8 X 10 em, followed by neutralization with 
KOH. If smaller columns were used, Ag+ ions apparently ap- 
peared in the eluate as shown by the activity increase upon the 
addition of EDTA‘ or serum albumin to the enzymic assay mix- 
tures. Sodium salts of ADP and ATP were purchased from 
Pabst Laboratories. Stock solutions of all phosphate compounds 
were made approximately neutral with KOH. 

Reaction Velocity and Substrate Binding Determinations—Pyru- 
vate kinase activity measurements were based on the amount of 
pyruvate produced. The reaction was initiated by addition of 
enzyme, the sample incubated 5 minutes, and the reaction 
stopped with 0.2 ml of 2.5 mm 2,4-dinitrophenylhydrazine in 
3.0 m HCI for colorimetric determination of the pyruvate formed 
(14, 15). The sample was incubated for 10 minutes at 37° with 
the dinitrophenylhydrazine; then 1.0 ml of 2.56 m NaOH contain- 
ing 0.1 m EDTA was added, and the color was read at 460 mu. 
In many of the earlier trials EDTA was not added, but routine 
use of EDTA was instituted to prevent precipitation of Mg(OH)>» 
which was variable in presence of different concentrations of 
ATP; this variation in Mg(OH). precipitation was found to 
interfere with the colorimetri¢ assay. 

The rates of pyruvate production were linear at the extremes 
of concentrations of the various substrates and inhibitors used 
for the K,, values and competition studies, thus allowing use of 
single time measurements for most velocity determinations. 

ADP was determined as the amount of pyruvate produced in 
the pyruvate kinase reaction with excess P-enolpyruvate in the 
following way. To a 2.0-ml aliquot containing approximately 
0.025 mm ADP were added 0.25 ml of a buffer-salt solution 
(MgSO,, 0.11 m; KCl, 1.10 m; glycylglycine, 0.11 mM, pH 8.5); 
0.1 ml of P-enolpyruvate, 0.010 mM; and 0.2 ml of pyruvate kinase, 
2.5 mg per ml. The reaction was allowed to proceed for 5 min- 
utes at 0°, and pyruvate was determined by the 2,4-dinitro- 
phenylhydrazine procedure. The use of large excesses of pyru- 
vate kinase or long time periods for the reaction was avoided 
because of the possibility of a side reaction catalyzed by the 
pyruvate kinase preparations.® 

P-enolpyruvate was determined in the equilibrium binding 
studies as pyruvate after hydrolysis facilitated by Hg++ (16). 
To a 1-ml aliquot was added 0.2 ml of 0.5 m Hg(Ac)e in 0.5 M 
NaAc, pH 4.0, and the mixed solution was allowed to stand 5 
minutes at room temperature. Then.0.2 ml of Na2S (approxi- 
mately 1 mM) was added with mixing, the precipitate of HgS was 
removed by centrifugation, and the pyruvate was determined on 
an aliquot of the supernatant fluid. 

Measurements of P-enolpyruvate and of nucleotide binding 


‘The abbreviation used is EDTA, ethylenediaminetetraace- 
tate. 

5 With excesses of pyruvate kinase and time (for example, with 
8 mg of enzyme in 2.3 ml of reaction solution for 4 hours at 37°) a 
side reaction occurred in the presence of P-enolpyruvate and ATP 
in which pyruvate was produced in amount greater than could be 
accounted for by the amount of inorganic phosphate formed. 
Phosphory] transfer from either P-enolpyruvate or ATP to an 
unknown acceptor was obviously occurring. In an experiment 
with 6-y-ATP*®, after incubation with pyruvate kinase as above, 
a large amount of material was observed which migrated on a 
Dowex 1-formate column more slowly than ATP, and had a P®: 
As» ratio considerably less than the ATP. This highly charged 
material was probably a product of the side reaction but its struc- 
ture is unknown. 
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with the ultracentrifugal technique were performed essentially 
as described by Velick et al. (17). Equilibrium dialysis measure. 
ments of pyruvate kinase binding were made with approxi. 
mately 1 X 12 cm glass-stoppered vessels with the use of washed 
dialysis tubing in which a glass rod was inserted to reduce the 
time required for dialysis equilibrium. With an inside and out. 
side volume of 2 and 3 ml, respectively, a 12-hour dialysis with 
slow rocking sufficed for equilibration with pyruvate. The 
kinetic and binding studies were conducted near 0° because of 
increased stability of the enzyme and because this was the tem. 
perature at which it was possible to control the ultracentrifuge, 


RESULTS 
Reaction Velocity Measurements 


Velocity measurements under various conditions were made 
to determine whether the apparent Michaelis constants for ADP 
and P-enolpyruvate were influenced by P-enolpyruvate and 
ADP concentration, respectively. In addition, the measure. 
ments allowed assessment of whether competitive relationships 
existed between ADP and ATP and between P-enolpyruvate 
and ATP, as predicted for a direct transfer mechanism. Possible 
competition between AMP and ADP, and between pvruvate and 
P-enolpyruvate was also evaluated. 

To find if variation in Mg++ concentration, pH value, or buffer 
composition would have any marked and thus possible complicat- 
ing effects on the kinetic studies, evaluations of the apparent K, 
value for ADP at various Mg++ concentration (1.7 to 12.7 mm), 
and with ammonia (pH 9.2) and imidazole (pH 7.2) buffers were 
made. The results showed less than a 2-fold variation in the 
apparent K,, values, and further study of any small interactions 
thus did not appear necessary or warranted. 

Increase in the Mg++ concentration up to 0.01 m did not result 
in any inhibition of reaction velocity with ADP limiting. If 
free ADP were required as a substrate, inhibition by excess Mg+ 
would be expected. The presence of Mg++ in considerable excess 
over ADP and ATP concentrations in most experiments had the 
advantage that variation in the adenine nucleotide essentially 
represented variation in the Mg*+-nucleotide concentration. 
In addition, at pH 8 to 9, nearly all ADP or ATP is present in 
one ionic form; with excess Mgt+ present, the forms are 
MgADP- and MgATP- (18). 

ADP-P-enolpyruvate-Velocity Relationships—Plots of 1/0 
against 1/ADP at different P-enolpyruvate concentrations are 
The corresponding plots of 1/v against 1/P- 
enolpyruvate at different ADP concentrations are given in Fig. 
2. These data show that the apparent K,, values for ADP and 
P-enolpyruvate, under the assay conditions used, are independ- 
ent of the concentrations of P-enolpyruvate and ADP, respec- 
tively. Clearly, ADP and P-enolpyruvate do not compete for 
binding to the enzyme. McQuate and Utter (19) have pre- 
viously reported, from data obtained under different assay condi- 
tions, small increases in the apparent K,, values of ADP and 
P-enolpyruvate with increase in the concentration of the other 
substrate. 

The results given in Figs. 1 and 2 conform to the general ki- 
netic equation (20-22) describing interaction of systems with 
two substrates and two products, as follows, 


V (1) 


given in Fig. 1. 
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Fic. 1. Effect of ADP on the velocity of the pyruvate kinase 
reaction at various P-enolpyruvate concentrations. Assays were 
made at 0° in a total volume of 3.0 ml with 0.1 m K*, 0.01 m Mg**, 
0.01 m glycylglycine at pH 8.5, and P-enolpyruvate at 0.5,0; 1.0, 
@; or 8.0,0, X 10% M. The initial velocity is in micromoles of 
pyruvate formed per minute, per total incubation mixture. In- 
tersection at the negative abscissa gives an estimated Kapp of 2.1 
X 10-* M. 


where A, B, A, and Kx are ADP and P-enolpyruvate and their 
respective Michaelis constants, Ka» is a complex constant, V 
is the theoretical maximal velocity, and v the observed velocity. 
The constancy of the ratios of slope to intercept for the data 
given in Figs. 1 and 2 shows that for pyruvate kinase under the 
conditions used, Kan = KaKy. Thus, the values of A, and 
Ky are given directly by the ratios of slope to intercept of the 
1/v against 1/substrate plots. These values for the Michaelis 
constants from the data of Figs. 1 and 2 are for ADP, 2.1 x 
10m, and for P-enolpyruvate, 3.2 X 107° M. 

The lack of a discernible effect of P-enolpyruvate on the K,, 
value for ADP and of ADP on the K,, value for P-enolpyruvate 
eliminates the possibility that the reaction proceeds by a com- 
pulsory pathway in which the various steps before the intercon- 
version of the ternary complexes (enzyme-P-enolpyruvate-A DP 
= enzyme-pyruvate-ATP) are adjusted rapidly. Further, the 
possibility that the reaction occurs by a compulsory pathway 
even if the more complicated steady state kinetics applies is 
definitely unlikely because the apparent equality, Kan = K,kKs, 
would require a quite fortuitous relationship among the various 
kinetic constants defining Ka, Kp, and Kas under such condi- 
tions.6 In addition, the kinetics of the ATP inhibition is in- 
compatible with compulsory pathways, as noted in the next 
section. The possibility that the reaction occurs by a random 
addition of substrates with ‘‘steady state’ kinetics applicable is 
unlikely because this leads to the prediction of nonlinear rela- 
tionships between 1/v and 1/A and 1/B.7 

Velocity Inhibition by ATP—Relatively low concentrations of 
ATP inhibited considerably the rate of reaction of P-enolpyru- 
vate with ADP even in the presence of 0.01 m Mg*+. Clearly, 
the inhibition did not result from Mgt* removal. The unlikely 
possibility that the inhibition reflected the occurrence of the 
reverse reaction was eliminated by the lack of inhibitory effects 
of pyruvate at concentrations up to twice those formed in the 
5-minute incubation, as well as by the linearity of the reaction 
with time in the presence of inhibitory concentrations of ATP. 


'See Takenaka and Schwert (22) for correct definition of the 
kinetic constants giving Ka, Kp, and Kap for this mechanism. 
_'Such possibility cannot be eliminated because deviation from 
linearity may be slight (23). 
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Fic. 2. Effect of P-enolpyruvate on the velocity of the pyruvate 
kinase reaction at various ADP concentrations. Conditions were 
the same as in Fig. 1 with ADP at 0.5,©; 0.67,@; 1.0,@; 2.0,0; 
or 8.0,0, X 10-4 m. Intersection at the negative abscissa gives 
an estimated Kp_enolpyruvate Of 3.2 X 107° Mm. 


The ATP inhibition was found to be overcome by increase in 
either the P-enolpyruvate or ADP concentration, as demon- 
strated by the data in Figs. 3 and 4. As noted previously, the 
velocity-P-enolpyruvate and velocity-ADP relationships are 
described by the equation for random addition of substrates with 
“equilibrium” kinetics applicable. On this basis, the expected 
equation® governing the effect of an inhibitor which could com- 
pete for both ADP and P-enolpyruvate is 


V 
v= : : re (2) 
Ka , Ke , KaKs (: I ) 


1 ——— 
TA TS AB Ky 











The data of Figs. 3 and 4 conform closely to this equation, and 
average values for Ky, the dissociation constant for E-ATP, may 
be computed to be 1.2 X 10-‘ for the three levels of ATP used 
for the experiments reported in Fig. 3, and, correspondingly, 
1.4 X 10-‘mM for the data of Fig. 4. 

If “steady state” kinetics are applied to a two-substrate sys- 


8 All the forms of the enzyme that would be assumed to be pres- 
ent in solution with P-enolpyruvate, ADP, and ATP, where bind- 
ing of ATP blocked binding of either ADP or P-enolpyruvate can 
be represented by the following equilibria, where A = ADP, B = 
PEP, and C = ATP, 


(A)(E) _ (A)(BE) 








A+E =AE Ka = (AB) (ABE) 
B+E =BE 
. a (B)(E) ” (B)(AE) 
A+ BE = ABE Kz = (BE) ~ (ABE) 
© 
B + AE = ABE Ke = (CE) 


and C+E =CE 

Assuming that rapid equilibrium conditions pertain and that the 
affinity of each the substrates, A and B, are independent of the 
binding of the other substrate to the enzyme, the enzyme conser- 
vation equation and respective equilibrium equations lead to the 
relationship given. 
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Fic. 3. Competitive interaction of P-enolpyruvate and ATP 
with pyruvate kinase. Assays were made in the presence of 2.1 
mm ADP and with conditions as given in Fig. 1. ATP concentra- 
tions were 0.0,0; 2.5,@; 5.0,@; or 7.5,0, X 10-3 a. 
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Fic. 4. Competitive interaction of ADP and ATP with pyru- 
vate kinase. Assays were made in the presence of 0.1 mm P-enol- 
pyruvate and with conditions as given in Fig. 1. ATP concen- 
trations were 0.0,0; 2.5,0; 5.0,@; or 7.5.0, K 10-3 m. 





tem in which substrate A must bind before B, competition of an 
inhibitor with A leads to the following velocity expression: 
Vv 


14 22, &i,,2 Kaa (,, 1 
"eS * Oe er eS Ky 


where K, and Kx are Michaelis constants for substrates A and 
B, respectively. Kas is a complex constant which is equal to 





oo (3) 
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K’,Kxs where K‘%, is the dissociation constant of the EA complex 
(22, 24). For “equilibrium” kinetics the expression is similar, 
but with Kas equal to K,Ax which are dissociation constants, 
If competition of the inhibitor with either A or B is assumed, 
with dissociation constants K; and Kt, respectively, the velocity 
relationship for the “steady state” is: 


Vv 


= = : (4) 
Ka I Ka I K AB I ‘ 
1+—(1 , —(1 —)+ 1+ — 
B ( T x) + A ( r z) AB ( x) 


Inspection of these equations shows that neither of them gives 
relationships corresponding to the experimental data for the 
reciprocal plots shown in Figs. 3 and 4. 


v= 





The estimation of the binding of ATP from competition with 
P-enolpyruvate and ATP has a feature which deserves mention, 
If the competition of both ADP and P-enolpyruvate with ATP 
were not recognized, and calculations for Ky; were based on the 
observed competitive effects for one substrate with the other 
held constant, an erroneously high value for Ky would be ob. 
tained. Caution is thus indicated in evaluations of Ky, and, in 
particular, the equating of such values to dissociation constants, 
in multiple substrate systems unless possible competition with 
all substrates is appropriately considered. 

Other Competition Experiments—The possible competition be- 
tween AMP and ADP was measured at pH 9.0 with 8 mm NH, 
buffer, an excess of P-enolpyruvate, and a limiting amount of 
ADP, 0.17 mm, so that any action of AMP in displacement of 
ADP would be readily evident. Addition of 1.1 mm AMP, 65 
times the amount of ADP present, produced no discernible in- 
hibition. This shows that the presence of the 6-phosphate 
makes a strong contribution to the binding of ADP and probably 
also to that of ATP. 

Experiments on competition of pyruvate with P-enolpyruvate 
were carried out at pH 9.0 with 8 mm NH; buffer, a slight excess 
of ADP, 0.86 mM, and a limiting concentration of P-enolpyruvate, 
0.076 mm. Addition of 0.033 mmo pyruvate showed no discernible 
inhibition but 0.33 mm gave a 12% inhibition. These results 
are in harmony with binding of pyruvate and P-enolpyruvate 
at the same catalytic site, but with a much stronger binding for 
P-enolpyruvate. Assuming strictly competitive inhibition, the 
dissociation constant of pyruvate from this result may be esti- 
mated as approximately 1 x 107? a. 


Equilibrium Binding Studies 


Direct measurements of substrate binding were made to fur- 
ther assess competition between substrates for pyruvate kinase, 
and to allow comparison of Michaelis constants with dissocia- 
tion The best data were obtained with P-enol- 
pyruvate, which fortunately bound rather strongly to the enzyme 
in the absence of other substrates. Sufficient data were ob- 
tained on binding of ADP and ATP to check their interaction 
with each other and the effect of ATP on phosphopyruvate bind- 
ing. 

Binding of P-enolpyruvate—Results of binding measurements 
with the ultracentrifuge technique are given in Fig. 5. The 
results are plotted according to the equation ? = n — K,(?/C)) 
(25) where 7 is the moles of P-enolpyruvate bound per 237,000 
of protein, the estimated molecular weight (26), C; is the con- 
centration of free P-enolpyruvate, n = 7 at C; = ~, and Kiis 
the intrinsic dissociation constant of the P-enolpyruvate-enzyme 
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Fic. 5. The binding of P-enolpyruvate by pyruvate kinase. 
The binding was determined by the ultracentrifuge technique at 
0-2° with 10 mm MgSO,, 0.1 m KCl, 10 mm glycylglycine, pH 8.5, 
and 21 mg of pyruvate kinase per ml. The points are averages 
of duplicate determinations. 
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Fic.6. The binding of pyruvate by pyruvate kinase. The 
binding was determined by equilibrium dialysis with conditions 
as given in Fig. 5. The dotted line shows the theoretical binding 
for the combined effect of two types of binding sites, one type 
with n = 120 and Kaz = 38 mM, and one type with n = 2.4 and 
Ka = 0.025 mm. 


complex. The binding data correspond reasonably to a simple 
mass action relationship with independent binding sites for 
P-enolpyruvate with 1 dissociation constant, as determined by 
the slope of the plot, of 7.5 X 10-5 m. The results indicate that 
the minimal number of binding sites for P-enolpyruvate is at 
least two per mole of enzyme. The presence of 3 mm ATP 
markedly decreased the binding of P-enolpyruvate (less than 
10% of P-enolpyruvate bound under conditions as in Fig. 5 
with approximately 0.6 mm P-enolpyruvate present). Sufficient 
binding studies were not completed to warrant calculation of a 
K; for ATP. 


Some studies of P-enolpyruvate binding were also made by an 
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equilibrium dialysis procedure; the results were considerably 
more variable than by the ultracentrifuge method but indicated 
an n value of slightly greater than 2 and a K, of approximately 
5 X 10-5. 

Binding of ADP—This measurement was hampered by the 
weak binding of ADP compared to P-enolpyruvate and was fur- 
ther complicated by the presence of traces of adenylate kinase 
activity sufficient to change the concentrations of added nucleo- 
tides during the time of the ultracentrifuge measurements. For 
this reason the experiments were limited to finding if the presence 
of ATP interfered with the binding of ADP as predicted by a di- 
rect transfer mechanism. To obviate somewhat the effects of 
adenylate kinase, sufficient adenylate kinase was added to allow 
the system to come to equilibrium before the ultracentrifuge 
measurements, and the concentrations of added ADP and ATP 
were adjusted sufficiently to give the needed information. Meas- 
urement of the amount of free ADP by the pyruvate kinase assay 
in presence of excess ATP was sufficiently accurate to allow ex- 
periments with considerable excess ATP present. The presence 
of 4mm ATP caused at least a 40 to 80% decrease in the extent 
of ADP binding at 0.25 to0.6 mm ADP. This substantiates the 
competitive inhibition shown by the kinetic data. The binding 
data were not sufficiently accurate to justify calculation of bind- 
ing constants or n values for ADP. 

Binding of Pyruvate—Results of equilibrium dialysis studies on 
the binding of pyruvate are shown in Fig. 6. Two regions of 
binding are evident, one a weakly binding region with very 
roughly 120 sites per 237,000 g of protein discernible at high py- 
ruvate concentration, and a region of stronger binding evident at 
lower pyruvate concentration. The data suffice to show some 
relatively strong binding of pyruvate, with a K, value of approxi- 
mately 2.5 to8 X 10-*m and an n value of 2 to 4. 


DISCUSSION 


The results presented herein together with other findings (1-3, 
6, 7) give strong support to a mechanism for the pyruvate kinase 
reaction with the following characteristics: (a) direct transfer of 
the phosphoryl] group from the donor to the acceptor; (b) partici- 
pation of one catalytic site which can bind either ADP or ATP 
and a second site which can bind either pyruvate or P-enolpyru- 
vate; (c) competition of P-enolpyruvate and ATP for binding on 
the enzyme because of overlap of their transferable phosphoryl 
groups; and (d) random combination of P-enolpyruvate and ADP 
with the enzyme with “equilibrium kinetics” governing. The 
substrate relationships and a transition state for the transfer are 
schematically indicated in Fig. 7. 
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Fic. 7. Schematic illustration of relations among substrates 
and a transition state for pyruvate kinase. 
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The results of both the kinetic and direct binding studies show 
that in the pyruvate kinase reaction a competitive relationship 
exists between the binding of P-enolpyruvate and ATP and of 
ADP and ATP. The kinetic studies show no competition be- 
tween ADP and P-enolpyruvate but indicate a competition be- 
tween P-enolpyruvate and pyruvate. The other possible com- 
petitions, namely, between pyruvate and ADP and between 
pyruvate and ATP, were not assessed, but are considered quite 
unlikely in view of the reaction catalyzed and the results with 
other substrates. 

As mentioned in “Results,” the kinetics of the reaction of P- 
enolpyruvate and ADP conform closely to those predicted for in- 
dependent combination of the substrate with the enzyme with 
“equilibrium kinetics” applicable. Other experimental findings 
give considerable support to such a reaction pattern. The kinetic 
results definitively eliminate a compulsory pathway with ‘‘equi- 
librium kinetics” applying, and make unlikely the possibility that 
a compulsory substrate binding occurs with “steady state’’ ki- 
netics applicable. The ability of P-enolpyruvate, or ADP, and of 
pyruvate to combine independently with the enzyme, as demon- 
strated by the direct binding data, give additional evidence 
against a compulsory binding order. For P-enolpyruvate, the 
only substrate for which accurate direct binding data was ob- 
tained, the K, value, 7.5 < 10-°M, is not far different from the 
K,, value, 3.2 x 10-5 mM. With ADP, ATP, and pyruvate, the 
roughly estimated binding constants, as measured by direct bind- 
ing, were within an order of magnitude of the kinetically deter- 
mined constants. Thus “equilibrium kinetics’ very likely gov- 
erns the substrate-velocity relationships of P-enolpyruvate. 

The data of Biicher for phosphoglycerate kinase (8) are com- 
patible with a mechanism corresponding to that presented herein 
for pyruvate kinase if appropriate consideration is given to the 
competition between the transferrable phosphoryl groups of ATP 
and 1,3-diphosphoglycerate. Such competition was indicated by 
Biicher’s data. The equation Biicher used for assessing if ADP 
would overcome the ATP inhibition was of the form 


V 
v= 
Ka I (5) 
1 —j{1 — 
* A ( i z) 


With the values for K, for ADP and K; for ATP as estimated 
for his experiments, a calculated ratio of velocity in the presence 
to that in the absence of inhibitor was 0.30, whereas the experi- 
mental value was 0.83. Biicher’s equation does not adequately 
consider the competitions of ATP with both ADP and 1,3-di- 
phosphoglycerate for the enzyme. With use of Biicher’s data 
(8), but with Equation 2 of this paper as a basis for calculation, a 
ratio of velocity in the presence to that in the absence of inhibitor 
of 0.89 is obtained, in good agreement with the experimental 
value. This suggests that the P-glycerate and pyruvate kinase 
mechanisms, like those of other closely related enzymes, may in- 
deed be quite similar, but additional data for the P-glycerate 
kinase is necessary before such a conclusion is warranted. 

The manner by which the enzyme may favor phosphory] trans- 
fer, other than by appropriate positioning of the reactants, re- 
mains obscure. Data of Rose (27) suggest that binding of vari- 
ous anions on the site for the terminal phosphoryl group of ATP 
may favor enolization of the pyruvate. Formation of an enol 
before phosphate transfer is not essential, however. As the car- 
bonyl oxygen of pyruvate approaches the phosphorus of the 
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terminal phosphory! group of ATP, electrons may shift from the 
methy! to form the CH2= group of the P-enolpyruvate. Mg+ 
may be associated with the phosphoryl] group transferred on the 
enzyme surface, thereby increasing its susceptibility to nucleo- 
philic attack, as suggested by Boyer et al. (1, 2) and by West- 
heimer (28). The role of K+ remains obscure; it may be that 
this ion is necessary for the protein to assume its proper configura- 
tion and has no direct role in the catalysis. Such a role is con- 
sistent with the previous studies showing that the K,, value for 
P-enolpyruvate is independent of the K+ concentration (15). 


SUMMARY 


The observed Michaelis constants for adenosine diphosphate 
(ADP), 2.1 X 10-4 M, and for phosphoenolpyruvate, 3.2 x 10-3 
M, in the pyruvate kinase reaction at pH 8.5 and with excess Mg+ 
are independent of the concentration of the other substrate. 
Adenosine triphosphate (ATP) inhibits the rate of phosphory| 
transfer to ADP not because of reaction reversal but in a manner 
which is overcome competitively by either ADP or P-enolpyru- 
vate. Adenosine monophosphate (AMP) does not inhibit the 
velocity at limiting ADP, but pyruvate causes a weak inhibition 
with P-enolpyruvate limiting. The kinetic studies in particular, 
as supported by direct binding studies, show that the observed 
Michaelis constants for ADP and P-enolpyruvate approximate 
their dissociation constants. 

Direct measurement of P-enolpyruvate binding by ultracentri- 
fuge techniques indicates presence of at least two binding sites 
per mole of enzyme with a Ky value of 7.5 X 10-5 m. Other di- 
rect binding measurements show that pyruvate and ADP con- 
bine with the enzyme independently of the presence of other 
substrates, and that ATP decreases the binding of both P-enol- 
pyruvate and ADP. 

These results together with other findings lead to the conclusion 
that phosphoryl transfer by pyruvate kinase occurs by a direct 
transfer of the phosphory! group from the donor to the acceptor, 
with participation of one binding site for ATP and ADP, and 
another site for pyruvate and P-enolpyruvate, but with competi- 
tion between ATP and P-enolpyruvate for binding because the 
transferable phosphoryl groups of ATP and of P-enolpyruvate 
bind to the same locus. Previously reported data for phospho- 
glycerate kinase are compatible with a similar mechanism if ap- 
propriate consideration is given to competition between ATP and 
both ADP and 1,3-diphosphoglycerate. 
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One possible mode of enzymic phosphoryl! transfer involves 
formation of phosphoenzymes as intermediates. Thus far, how- 
ever, convincing evidence for the formation of such intermediates 
has been obtained only for the phosphoglucomutase reaction (1, 
2) and, to a lesser extent, for the phosphoglyceromutase reaction 
(3). Suggestive evidence has been reported for the participation 
of phosphoenzyme intermediates in certain phosphatase reac- 
tions. Participation of such intermediates was postulated by 
Hass and Byrne (4) and by Neuhaus and Byrne (5) for the glu- 
cose 6-phosphatase and phosphoserine phosphatase reactions, re- 
spectively. The findings of Agren et al. (6-8) that radioactively 
labeled inorganic orthophosphate becomes attached to serine resi- 
dues of alkaline phosphatase supports their contention that the 
catalysis involves phosphorylated enzyme intermediates. The 
catalysis of phosphoryl transfer by phosphatases (4, 5) is in ac- 
cord with participation of phosphoenzyme intermediates, but 
may also be explained by alternate mechanisms (9). - 

Isotope exchange studies have given evidence against forma- 
tion of phosphoenzymes in kinase reactions, as shown by the lack 
of catalysis of exchange of pyruvate-C“ with phosphoenolpyru- 
vate by pyruvate kinase (10), of acetate-C' with acetyl phos- 
phate by acetate kinase (11), of glucose-C™ with glucose 6-phos- 
phate by hexokinase (12), and of radioactively labeled adenosine 
diphosphate with adenosine triphosphate by creatine kinase (13). 
Further, Callaghan and Weber (14) recently demonstrated that 
P®? of the terminal phosphoryl group of ATP is not incorporated 
into rabbit muscle myokinase during catalysis. In contrast, 
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1 Studies with O'8 have established that in kinase and phospha- 
tase reactions the chemical moiety transferred is actually the 
phosphory! group, 


Thus, the chemically correct designation for the process is phos- 
phoryl rather than phosphate transfer, analogous to acetyl, not 
acetate transfer. 


Agren and Engstrém (15, 16) demonstrated that P*-labeled phos. 
phoserine could be isolated from relatively crude yeast hexokinase 
and muscle phosphorylase preparations after incubation with 
ATP®* or P;*, respectively, and postulated formation of catalyti- 
cally active phosphoenzyme intermediates. Krebs et al. (17) and 
Rall et al. (18), however, found no incorporation of P ;* into pur- 
fied muscle and liver phosphorylase during glycogen phosphorol- 
ysis. One purpose of the studies presented herein was to find if 
formation of phosphoenzymes could be demonstrated with puri- 
fied hexokinase and pyruvate kinase under conditions in which 
such formation would be expected if the phosphoenzymes were 
catalytic intermediates. 

A second purpose of our studies was to find if 08 from H,.0 is 
incorporated into the phosphoryl group of glucose 6-phosphate 
during the glucose-inhibited hydrolysis by glucose 6-phosphatase. 
The kinetic and exchange data (4) could be explained by partici- 
pation of a firmly but noncovalently bound inorganic orthophos- 
phate instead of the postulated phosphoryl enzyme. If such 
were the case, however, catalysis of the incorporation of glucose 
into unhydrolyzed glucose 6-phosphate would be accompanied by 
incorporation of water oxygen into the phosphate group if the 
enzyme did not distinguish among the 4 inorganic orthophosphate 
oxygens. 


EXPERIMENTAL PROCEDURE 
Materials and Methods 


Enzyme Preparations and Assays. Hexokinase was prepared 
from Fleischmann’s baker’s yeast according to the method of 
Darrow and Colowick (19) and crystallized by the procedure of 
Robbins and Boyer (20). The enzyme was stored at 4° as a 
suspension in the ammonium sulfate-crystallizing medium. Be- 
fore use, an aliquot of the suspension was centrifuged and the pre- 
cipitated enzyme dissolved in an appropriate volume of buffer. 

Darrow and Colowick report that their best preparation, 4 
four times crystallized hexokinase, catalyzed phosphorylation of 
approximately 600 umoles of glucose per minute per mg of pro- 
tein at 30°, as assayed by colorimetric measurement of H* re- 
lease and with use of the Aogo of enolase for calculation of pro- 
tein concentration (19). In a similar assay, but at 25°, the 
preparations used herein had an activity of approximately 250; 
with approximation of a temperature correction this corresponds 
to roughly 3 of the activity reported by Darrow and Colowick. 
In the titrimetric assay of Kunitz and MeDonald (21, 22), our 
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preparations had an activity of 22 to 26 umoles per minute per 
mg. of protein at 5°, and with use of the As reported by McDon- 
did (21), as based on original data of Berger et al. with purified 
hexokinase (23), for estimation of protein. Kunitz and Mc- 
Donald reported an activity of 14.4 for their best preparation 
under the same conditions. 

Neither the assays of Darrow and Colowick (19) nor of Kunitz 
and McDonald (21, 22) were satisfactorily reproducible in our 
hands, and with the ready availability of appropriate enzymes, a 
coupled assay with pyruvate kinase and lactate dehydrogenase 
appears preferable. For such an assay, the enzyme centrifuged 
from the crystallizing solution is dissolved in a small volume of 
cold water (e.g. 25 ul for 0.25 mg of enzyme), and an aliquot re- 
moved with a micropipet and diluted with 50 mm Tris buffer, pH 
7.5 for measurement of Ags for estimation of protein concentra- 
tion. An aliquot measured with the same micropipet is diluted 
with an appropriate volume of cold 50 mm Tris buffer, pH 7.5, 
containing 5 mm glucose and 2 mg of bovine serum albumin per 
ml. A 10- to 50-yl aliquot of the cold, freshly diluted hexokinase 
is added with an adder-mixer (24) to a 3.0-ml volume at 25° in a 
spectrophotometer cell containing in 50 mm Tris, pH 7.5, 75 mm 
KCl, 2 mm ATP, 2 mm MgCl:, 0.3 mm P-enolpyruvate, 10 mm 
glucose, approximately 0.15 mm DPNH, and an excess of pyru- 
vate kinase and lactate dehydrogenase. For the latter, 10 yl 
each of pyruvate kinase and of lactate dehydrogenase of A 29 = 
to about 6.0 suffices. The lactate dehydrogenase and pyruvate 
kinase are added 1 to 2 minutes before the hexokinase, and after 
the hexokinase addition, the change in wave length at 340 mu 
soon becomes linear and the maximal slope is recorded. As 
measured with a recording spectrophotometer, linearity with 
hexokinase concentration was observed up to a AAg4o of 0.7 per 
minute. In this assay the hexokinase used for the experiments 
reported in Fig. 2 had an activity of 210 umoles of ADP formed 
per minute per mg of protein. 

Pyruvate kinase was prepared from rabbit muscle by the 
method of Tietz and Ochoa (25) through Step 4 with slight modi- 
fication in the last heating procedure (26). After Step 4, the 
resulting supernatant solution was treated with sufficient solid 
ammonia sulfate to precipitate the enzyme completely. Pyru- 
vate kinase was stored at 4° as an ammonium sulfate slurry ad- 
justed to pH 7.0 and when used, was centrifuged and dissolved in 
an appropriate volume of buffer solution. This preparation had 
a specific activity equivalent to 240 when assayed at pH 7.0 (26). 
For some of the work, pyruvate kinase from C. F. Boehringer, 
and Soehne, Mannheim, Germany was used. 

Rat liver microsomes were used as the source of glucose 6-phos- 
phatase activity (27); preparations and assays were made as de- 
scribed previously (4). 

Materials—ATP*, equally labeled in the B- and y-phosphate 
groups, was prepared by the method of Pressman (28). Glucose- 
1-C4" obtained from the National Bureau of Standards, was found 
by chromatographic (29) and strip-scanning techniques to be free 
of radioactive contaminants. 6-Deoxy-6-fluoro-p-glucose had 
been synthesized previously by a modification (30) of the method 
of Helferich et al. (31, 32). P-enolpyruvate was purchased as 
the crystalline silver-barium salt from C. F. Boehringer and 
Soehne and converted to the potassium salt by treatment with 
Dowex 50-H* resin followed by neutralization with KOH (26). 
Crystalline disodium ATP was obtained from the Pabst Labora- 
tories, and the disodium salt of glucose-6-P was purchased from 
the Sigma Chemical Company. 
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Procedures for Attempted Isolation of Phosphoryl Enzymes— 
Experimental procedures representative of the various ap- 
proaches used in attempting to isolate a phosphorylated hexo- 
kinase and pyruvate kinase intermediate are as follows: 

A. Ammonium Sulfate Precipitation—Hexokinase reactions 
were initiated by adding labeled ATP to otherwise complete in- 
cubation mixtures which had been equilibrated at room tempera- 
ture. After 20 to 30 seconds, the protein was completely 
precipitated by the addition of a saturated ammonium sulfate 
solution in sufficient volume to give 0.8 saturation. Unless 
otherwise stated, the ammonium sulfate solution was buffered at 
pH 3.9 with 0.1 m citrate to minimize further enzymic activity 
(33). The incubation tubes were chilled in an ice bath and all 
subsequent enzyme manipulations were performed at 0°. The 
insoluble enzyme was centrifuged at 10,000 x g for 20 minutes 
and an aliquot of the supernatant solution assayed for radioac- 
tivity. The protein pellet was dissolved in a volume of 0.4 sat- 
urated ammonium sulfate solution (pH 3.9) equivalent to the 
original incubation mixture and reprecipitated with the same vol- 
ume of saturated ammonium sulfate solution used previously. 
This process of washing the enzyme and assaying for liberated 
radioactivity was repeated three to four more times. After the 
last precipitation, the protein was dissolved in 1 to 2 ml of buffer 
(usually 0.1 M phosphate, pH 7.0) and an appropriate aliquot was 
assayed for radioactivity. Typical results obtained by this pro- 
cedure are illustrated in Table I. As a control, a similar pro- 
cedure was followed but with the major portion (99.5 per cent) 
of hexokinase added after the addition of ammonium sulfate to 
a reaction mixture containing a catalytic amount of enzyme. 
The short incubation with the catalytic amount of enzyme as- 
sured a distribution of radioactivity among substrates similar to 
the experiments with all the hexokinase added initially. 

Pyruvate kinase samples were treated as above with the fol- 
lowing modifications: Five minutes after the addition of enzyme, 
the incubation mixture (2.2 ml, total volume) was chilled in an 
ice bath and divided into two 1.0-ml aliquots. The protein in 
each aliquot was precipitated with ammonium sulfate (pH 8.0) 
in the manner described above. One protein sample was dis- 
solved in a 0.25 saturated ammonium sulfate solution, the other 
in 0.01 n KOH (to insure complete stoppage of the reaction), and 
the precipitation procedure continued as outlined above. After 
the fourth wash, each of the precipitates was dissolved in 1.0 ml 
of its respective solubilizing reagent and 0.5-ml aliquots were 
plated for radioactivity analyses. The remaining 0.5 ml of each 


TABLE I 
Representative removal of AT P®* by successive protein precipitations 
Conditions are similar to those given with Table II. 





Hexokinase precipitation 





Fraction assayed 


Ls : P 
Trichloroacetic acid 
procedure 


(NHa)2SO4 
procedure 





Total radioactivity, c.p.m. 





First supernatant..............| 1.51 & 10? | 3.94 < 107 
Second supernatant............. 2.31 X 10° | 1.65 X 105 
Third supernatant.............. 4.00 X 10? | 1.75 & 104 
Fourth supernatant............. 200 250 
Fifth supernatant.............. 100 250 
Sixth supernatant.............. <5 | <5 
Final precipitate. .............. 320 | 810 
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solution was used for an additional wash plus a final wash in the 
presence of 10-*m ATP. After this, the remaining protein was 
analyzed for radioactivity. 

B. Trichloroacetic Acid Precipitation—Hexokinase reaction in- 
gredients, minus ATP, were pipeted into the barrel of a 5.0-ml 
syringe equipped with a No. 26 needle. After the addition of 
ATP®, the syringe contents were briefly mixed by inversion and 
quickly expelled as a fine stream into 20 ml of a rapidly and turbu- 
lently stirred 0.6 m trichloroacetic acid solution. This process 
insured the formation of an extremely fine protein precipitate 
with minimal ATP® occlusion. The insoluble enzyme was cen- 
trifuged and an aliquot of the supernatant solution was assayed 
for radioactivity. The resultant protein pellet was washed into 
a glass Potter-Elvehjem type homogenizer with 3.0 ml of 0.6 m 
trichloroacetic acid and dispersed for 3 minutes with a rapidly 
rotating glass pestle. The suspended protein particles, along 
with several 0.6 m trichloroacetic acid rinses, were pipeted into 
an appropriate tube and recentrifuged. This process of redis- 
persing and centrifuging was repeated four more times and, as 
illustrated in Table I, was sufficient to allow for removal of most 
of the occluded radioactive nucleotide from the protein. After 
the last wash, the protein was dissolved in 2.0 ml of 1 N NaOH 
and an aliquot was assayed for radioactivity. A control experi- 
ment was run in which labeled ATP and a mixture of the other 
reaction ingredients were simultaneously expelled from two sepa- 
rate syringes into trichloroacetic acid as described above. 

The extent of hexokinase action during incubation was checked 
by determining the radioactivity associated with labile (ATP and 
ADP) and nonlabile (glucose-6-P) phosphate compounds. A 
0.1-ml aliquot of the first supernatant solution was added to 0.9 
ml of 2 Nn HCl and heated in a boiling water bath for 10 minutes. 
Inorganic phosphate was then isolated from organic phosphate 
by the phase separation technique of Martin and Doty (34) and 
an aliquot of each phase was plated for determining radioactivity. 
The radioactivity associated with the organic phosphate (lower 
phase) was normally sufficient to account for the complete phos- 
phorylation of glucose in the allotted reaction time. 

C. Dialysis—The hexokinase reaction was initiated by adding 
ATP® to an otherwise complete reaction mixture. After the 
addition of radioactive nucleotide, the reaction was stopped 
within a few seconds by adding 3.0 ml of a saturated urea solution 
(25°) to the incubation medium. This solution was then dia- 
lyzed at 2° on a rocking dialyzer against 130 ml of 6 Mm urea. 
Periodically (every 6 to 18 hours), the dialysate was changed and 
assayed for radioactivity. After the tenth dialysate change, 0.1 
mM KCl was added to the dialyzing medium to prevent Donnan 
distribution of nucleotide across the membrane. After 73 days 
and 14 dialysate changes there was no detectable radioactivity 
outside the membrane. An aliquot of the material from inside 
the membrane was then assayed for radioactivity. 

Glucose-6-phosphatase—The following procedure was used to 
determine whether water oxygen is incorporated into glucose-6-P. 

An aqueous solution of the following compounds was lyophi- 
lized to dryness: glucose-6-P, 120 uwmoles; citrate, 600 uwmoles 
(titrated to pH 6.2 with NaOH); glucose-1-C“, 126 umoles 
(5.30 X 104 ¢.p.m. per umole); and carrier glucose, 1794 umoles. 
The residue was dissolved in 6.9 ml of H.O, containing 2.72 
atom % excess O}8, and the glucose-6-phosphatase reaction was 
initiated by adding 0.6 ml of microsomes (in H,0"*) after allow- 
ing for temperature equilibration at 37°. After 20 minutes, the 
reaction was terminated by quick freezing in a Dry-Ice-acetone 
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bath and the H.O" was recovered by lyophilization. The re. 
maining residue was taken up in 0.3 m perchloric acid and the 
microsomes were removed by centrifugation. After neutraliza- 
tion of the supernatant fluid with KOH and removal of insoluble 
KCIO, by centrifugation, an incomplete separation of glucose-6-P 
from P; was obtained by the column chromatographic procedure 
of Hass and Byrne (4) when an 8% cross-linked Dowex 1(C}) 
resin was used.2. The glucose-6-P- and Pj-containing fractions 
from the first column were pooled, neutralized with IOH, and 
added toa Dowex 1-X8 (200 to 400 mesh) column (1 X 14 em) in 
the formate form. After the addition of one drop of carrier. 
free P;* (used as a marker) to the column, glucose-6-P and P, 
were separated by the formic acid gradient elution system recom- 
mended by Bartlett (35). Pooled fractions of the separated 
compounds were then reduced to approximately 200 ml in a 
rotary evaporator and extracted with ether to remove formic acid 
(35). After a further reduction in volume, the fractions were 
lyophilized to dryness. The glucose-6-P residue was dissolved 
in 5.7 ml of H2O and hydrolyzed (approximately 95 to 96%) by 
incubating with 1.2 ml of microsomes and 0.6 ml of citrate (1 , 
pH 6.0) for 150 minutes at 37°. The hydrolysis was terminated 
by the addition of perchloric acid, and the microsomes and Cl0,- 
were removed by the methods described above. P; was isolated 
and its O'* content was determined essentially as described by 
Harrison et al. (36). 

Parallel glucose 6-phosphatase experiments were conducted 
with and without inhibitory concentrations of glucose to deter- 
mine the extent of glucose incorporation into glucose-6-P and to 
estimate the amount of O'8 expected in hexose phosphate if H;0 
were incorporated. 

RESULTS 

Attempted Isolation of Phosphorylated Pyruvate Kinase and 
Hexokinase Proteins—To determine whether purified hexokinase 
and pyruvate kinase formed phosphoryl! proteins sufficiently 
stable to allow their isolation under conditions giving enzyme 
denaturation or inactivation, stoichiometric amounts of each of 
these enzymes were incubated with ATP” under conditions which 
would be expected to favor enzyme phosphorylation. The en- 
zymes were then isolated by the repeated precipitation or dialysis 
techniques outlined in “Experimental Procedure” and assayed 
for radioactivity. The results from these experiments, and 
from controls in which ATP® was present in the precipitating 
medium, are given in Tables II and III. 

The results illustrate that each precipitated enzyme retains 
only an exceptionally small and variable amount of radioactivity 
which, when calculated on an equivalent basis, is less than 1499 
of that expected for the stoichiometric formation of a phos- 
phorylated intermediate. The control experiments given in 
Table II show that a large fraction and possibly all of the pre- 
cipitable radioactivity can be accounted for as occluded ATP® 
or some radioactive impurity not separable from the protein by 
the techniques used. In addition, the possibility of nonspecific 
binding or occlusion might be greater in most of the incubated 
samples due to the presence of other P®* compounds, particularly 
glucose-6-P* and P-enolpyruvate-P*. Also, in the case of 
hexokinase, the presence of glucose-6-P® could lead to labeling 
of any small amount of P-glucomutase present. 

2 Hass and Byrne recommend 2% cross-linked resin, which is 


apparently critical for the separation of glucose-6-P and Pi by 
their method. 
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If any phosphoryl enzyme intermediate were extremely labile, 
it could have escaped detection in the above procedures by 
decomposition yielding P;. However, the same amount of 
P;* was present in the precipitating or dialyzing medium (34) 
from control and experimental samples; presence of additional 
P;* equivalent to 5 to 10% of the active sites would have been 
readily detectable. 

Also considered was the possibility that glucose or structurally 
related compounds might be necessary to impart the proper 
conformation to the hexokinase molecule before its phosphoryla- 
tion by ATP. However, when 6-deoxy-6-fluoro-p-glucose, a 
competitive inhibitor (33) incapable of becoming phosphorylated, 
was substituted for glucose in the reaction medium, no increased 
phosphorylation of hexokinase was obtained as indicated by the 
results shown for Experiment 3 in Table IT. 

Tests for Phosphorylation of Stoichiometric Amounts of Pyruvate 
Kinase and Hexokinase—The possibility existed that in the 
experiments described above, any phosphoryl enzymes formed 
from pyruvate kinase and hexokinase rapidly transferred their 
phosphoryl group to substrates before isolation of the proteins. 
Such a reaction could occur during the transitory changes in pH 
value and ionic strength accompanying the protein isolation and 
before enzyme inactivation. Experiments were thus designed 


Taste II 

Extent of incorporation of radioactivity from AT P® into hexokinase 

The reaction mixture for Experiment 1 contained 1.1 umoles of 
ATP®, 3.94 mg of hexokinase, and 0.1 umole of glucose in a total 
volume of 2.0 ml. Conditions for Experiments 2 and 4 were the 
same as in Experiment 1 except 3.44 mg of hexokinase and 0.5 
pmole of glucose were used. The reaction mixture for Experi- 
ment 3 contained 1.04 wmoles of ATP*?, 3.44 mg of hexokinase, 
and 1.0 pmole of 6-deoxy-6-fluoro-p-glucose in a total volume of 
1.0 ml. Conditions for Experiment 5 were the same as those in 
Experiment 3 except that 0.55 wmole of ATP*? was used and 0.2 
umole of glucose was substituted for 6-deoxy-6-fluoro-p-glucose. 
All reaction mixtures contained 0.065 m Tris (pH 8.0) and 0.01 m 
Mg**. The ATP*® had specific activities of 1.2 to 4.5 X 107 ¢.p.m. 
perymole. In all experiments, protein was isolated by the meth- 
ods described in the text. In Experiment 1, precipitation was 
conducted at pH 7.0; all other ammonium sulfate precipitations 
were conducted at pH 3.9. 














Radioactivity associated 
with protein 
Experiment No. Method of enzyme isolation* Expected for | a 
—- Found 
formationt 
| ao c.p.m. x 10-5 mae 
1 (NH,4)2SO,4 6.1 | 0.0028 
2 (NH4) SO, 2.8 | 0.0032 
2 (control) (NH4)2SO, | 0.0039 
3 (NH4)2SO, 7.8 | 0.0113 
3 (control) (NH,) SO, | 0.0079 
4 Trichloroacetic acid 6.8 | 0.0081 
4 (control) Trichloroacetic acid | 0.0021 
5 Dialysis 1.4 | 0.0028 





* See “Experimental Procedure” for details of enzyme isolation 
and control experiments. 

+ Calculated on the basis of random labeling in ATP®, a molecu- 
lar weight of 96,600 for hexokinase (21), and the assumption that 
one phosphoryl group of ATP is capable of being transferred to 
each molecule of hexokinase. 
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TaBLe III 
Extent of incorporation of phosphate into pyruvate kinase 

The following incubation mixture was allowed to stand at room 
temperature for 5 minutes: 0.2 ml of ATP#?, 10-3 m, (3.90 < 10° 
¢.p.m. per ml); 0.2 ml of P-enolpyruvate, 10-3 m; 0.4 ml of enzyme, 
50 mg per ml; 0.2 ml of buffer; and 1.2 ml of H.O. The buffer 
contained: MgSO,, 0.11 m; KCl, 1.10 m; and glycylglycine, 0.055 
Mat pH8.5. Two 1.0-ml aliquots were taken from the incubation 
mixture and precipitated with ammonium sulfate. One precipi- 
tate was dissolved in 0.25 m (NH4)2SOx, the other in 0.01 n KOH, 


and the precipitation procedure was repeated as described in the 
text. 





| Radioactivity associated with protein 





Dissolving solution Expected for 
| 





phosphoenzyme Found 
formation* | 
a c.p.m. X 10-4 
(NH,)2S0,, 0.25 M.............. | 7.5 | 0.0066 
EE. WO Wieicc e cn aed eek ban | 7.5 0.0071 





* Calculated on the basis of random labeling in ATP*, a molecu- 
lar weight of 237,000 for pyruvate kinase, and the assumption that 
two phosphoryl groups from ATP or P-enolpyruvate are capable 
of being transferred to each pyruvate kinase molecule (26). 


to test for possible phosphorylation of the enzymes under condi- 
tions where all substrates were present, although some in low 
amounts, and rapid net catalysis was possible. 

Experiments with pyruvate kinase were made in the presence 
of DPNH, ATP, and p-enolpyruvate under conditions as given 
in Fig. 1. Lactate dehydrogenase and pyruvate kinase were first 
added in amounts sufficient to cause rapid catalytic reaction; 
the absorbancy of DPNH at 340 muy fell to a constant value. At 
this stage the system provides a sensitive optical test for pyruvate 
or ADP formation. A relatively large amount of pyruvate 
kinase was then added as indicated in Fig. 1. Formation of a 
phosphory]! enzyme should result in ADP and pyruvate formation, 
with a rapid decrease in A s49 of approximately 0.04 on the basis of 
two binding sites per mole of pyruvate kinase (26). No de- 
tectable decrease was noted. The continued decline of the A340 
results from a slow dephosphorylation of p-enolpyruvate which 
occurs in the presence of high concentrations of pyruvate kinase 
(26). Subsequent addition of ADP as a control gave the ex- 
pected decrease in A349 and demonstrates the adequacy of the test 
system. 

Preliminary experiments with hexokinase similar to those just 
described for pyruvate kinase showed that the crystalline hexo- 
kinase additions did allow ADP formation and thus that either 
the protein or some compound bound to the protein was being 
phosphorylated. These results led to the experiments reported 
in Fig. 2. Part A shows the extent of phosphorylation ac- 
companying addition of relatively large amounts of hexokinase 
to a test system containing lactate dehydrogenase, pyruvate 
kinase, ATP, DPNH, and approximately 10-* m hexokinase. 
The drop in Ago indicates the presence of roughly 1.6 phos- 
phoryl acceptor sites per mole of hexokinase. The slower 


3’ The hexokinase molarities are based on the use of the Aozs 
given by McDonald (21). Values for the mole ratio of the bound 
acceptor to hexokinase can be taken only as rough approximations 
because of the uncertainty of the ultraviolet absorption for pure 
hexokinase and the probable presence of some protein impurities 
in the hexokinase preparation. 
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Fia. 1. Lack of phosphorylation of pyruvate kinase by P-enolpyruvate. 
eter contained, in a 1.5-ml total volume, pH 7, at 25°, 100 mm imidazole chloride buffer, 0.01 mm ATP, 0.5 mm P-enolpyruvate, 0.4 mu 
MgCl, 40 mm KCl, and0.1mm DPNH. Ai the time indicated, 10 ul of crystalline muscle lactate dehydrogenase solution (Ax of solu- 
tion = to 7.6) and 5 ul of pyruvate kinase sufficient to give the final molarity as indicated were added. 
ul of pyruvate kinase and of 25 ul of ADP were made to give final concentrations as indicated. Additions and mixing were made with 
the adder-mixer described previously (24) with the handle protruding through the cell compartment lid. Absorbancies as given in the 
figure are corrected for the slight dilution accompanying the additions, and for the small Ay (0.011) given by the 3.2 X 10- m pyruvate 


kinase added. 


decrease in Ag after the second addition probably reflects 
inhibitory effects of residual (NH4)2SO, in the hexokinase solu- 
tion on the enzyme catalytic rate; that the assay was operating 
satisfactorily is shown by the subsequent addition of glucose 
(Fig. 2A). As noted in Fig. 2A, the concentrated hexokinase 
allows a slow but detectable oxidation of DPNH in the assay 
system. This could reflect a very weak ATPase activity of 
the hexokinase.‘ 

Nature of Phosphoryl Acceptor Present in Hexokinase—Three 
experimental results give pertinent information about the nature 
of the phosphoryl acceptor, namely, the ready dissociability of 
the phosphorylated acceptor from the hexokinase, the acid 
stability of the phosphoryl compound formed, and the ability 
of glucose to combine with the enzyme in a manner to restore 
its phosphoryl] acceptor capacity. 

Experiments with ATP® demonstrated the dissociability and 
the acid stability of the phosphorylated acceptor. In the experi- 
ment reported in Fig. 24, ATP® was present initially, and dupli- 
cate 10.0-ul samples were removed before and after the two 
additions of hexokinase. These samples were used to measure 
the amount of P® converted to P; by hydrolysis for 10 minutes 
in 1 m HCl. Additional duplicate 10-ul aliquots were mixed 


4K A. Trayser and S. P. Colowick (37) have shown that in 
presence of higher ATP concentrations, hexokinase has a more 
pronounced ATPase activity. 


A cell of 1-em light path in a Cary recording spectrophotom- 


Subsequent additions of 50 


with a 10-ul drop of 6 mm glucose, allowed to stand for approxi- 
mately 15 minutes, and then hydrolyzed in 1 m HCl. These 
samples gave a measure of the total P® transferrable to glucose 
in the reaction mixture; that is, the total P® present in the 
terminal phosphoryl group of ATP. The results showed that 
the two additions of hexokinase resulted in conversion of 34% 
of P® in the terminal phosphoryl of ATP to an acid-stable form. 
The total amount of ATP present was 8 x 10-° M; thus, 2.7 X 
10-5 m acid-stable phosphate was formed. This corresponds 
well with the total drop of 2.6 x 10-5 m DPNH as recorded in 
Fig. 2A. Thus, within an experimental error of 10 to 15%, all 
the phosphoryl] acceptor is acid-stable and the number of phos- 
phoryl sites per mole, as estimated from the radioactivity data, 
check well with that from the DPNH formation. 

When the hexokinase, present after termination of the experi- 
ment reported in Fig. 24, was precipitated with (NH4)SO,, less 
than 1% of the P*® present accompanied the hexokinase, demon- 
strating that the phosphorylated acceptor did not precipitate 
with the protein. This corroborates the data presented in 
Table II which made it unlikely that any acid-stable P® com- 
pound was covalently bound to the protein. 
bound P® was also demonstrated by direct counting of suspen- 
sions of the precipitated and washed hexokinase. In two 


The lack of protein- ) 





experiments the radioactivity found was less than 3% of that 
expected for phosphorylation of 1.7 sites per hexokinase molecule. | 
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The low amount of P® found could have readily been present 
through occlusion or weak absorption of glucose-6-P* and ATP®. 

The hexokinase isolated, after washing with (NH,).SO, 
solution showed poor ability to act as a phosphory! acceptor, 
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Fie. 2. Ability of hexokinase isolated under different conditions 
to act as a phosphoryl] acceptor. Part A: A cell of 1-cm light 
path in a Cary recording spectrophotometer contained in 1.0-ml 
total volume, pH 7, at 25°, 100 mm imidazole chloride buffer, 0.08 
mm ATP®, 0.2 mm P-enolpyruvate, 4mm MgCle, 100 mm KCl, and 
0.12mm DPNH. The reaction mixture was incubated for approxi- 
mately 15 minutes with 5 ul of crystalline muscle lactate dehy- 
drogenase (Aoso of solution = to 7.6), approximately 3 X 19-7 m 
pyruvate kinase and 1 X 10-* m hexokinase to allow complete 
equilibration with any materials capable of allowing DPNH oxida- 
tion. Hexokinase centrifuged from the crystallizing medium and 
dissolved in about 50 ul of H2O was added as described in this fig- 
ure in two different portions to give added molarities as indicated, 
with measurement of the change in Asqo. Glucose solution (10 
ul) was then added as indicated. Small aliquots were removed at 
intervals for various radioactivity measurements as described in 
the text. 

Part B: The hexokinase from part A was precipitated by addi- 
tion of solid (NH,)2SO,, and washed three times with 0.9 saturated 
(0°) (NH,)2SO, containing 0.1 m phosphate, pH 7. The radioac- 
tivity of the washed hexokinase was determined, and the hexo- 
kinase was added to the same test system used in part A (except 
DPNH was 0.1 mM) to measure its ability to allow ADP forma- 
tion. Control additions of glucose were made to the assay mix- 
ture before and after the hexokinase addition. An excess, 6 mm, 
glucose was then added. 

Part C: The hexokinase from part B was precipitated and 
washed as described above, and its ability to allow ADP forma- 
tion tested in the same system as in part B, with similar control 
additions of glucose. 

_All absorbancies as given in the figure are corrected for the slight 
dilution accompanying additions, and for the small Asi value of 
the hexokinase preparations. 
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TaBLe IV 


Possible incorporation of water oxygen into glucose-6-P 
by microsomal glucose 6-phosphatase 





Atom % excess O18 
Specific activity of 
C4-glucose-6-P 
formed in H2018 


P; liberated* 





| 
| 
| Pj from hydrolysis 
| | of glucose-6- 
| | Medium 
| | | HO 
Glucose- | Glucose-6- | 
| 
| 
| 








6-P P+ glucose| "heoreticalt| Observed Fossa 


Expected 





| 
| | 
mmoles 
29.9 
* Results obtained from parallel experiments in which glucose- 
6-P was incubated with microsomes in the presence and absence 
of glucose. 
tT Based on the approximate equivalence of glucose incorpora- 
tion to the decrease in P; liberation in the presence of glucose (4). 


c.p.m./umole 


12.0 | 584 


590 | 2.50 | 0.082 | 0.000 
1 





as shown in Fig. 2B. 
ability was found. 

The experiment recorded in Fig. 2C demonstrates that the 
hexokinase previously exposed to excess ATP and isolated, 
upon exposure to excess glucose, regains the ability to act as a 
phosphory! acceptor. The supernatant solution from the final 
wash of the hexokinase used in the experiment reported in Fig. 
2C, unlike glucose, did not show any acceptor ability; thus, as 
expected, free glucose had been reduced to a very low concen- 
tration by the wash procedure. 

Possible Incorporation of O88 into Glucose-6-P—For these 
experiments, glucose-6-P was incubated with H.O and rat 
liver microsomes in the presence of a highly inhibitory concen- 
tration of glucose which gave incorporation of glucose-C" into 
glucose-6-P. After isolation, the glucose-6-P was completely 
hydrolyzed by glucose 6-phosphatase and the liberated P; 
assayed for O'8 content by the procedure described in the “‘Experi- 
mental Procedure.” The ability of microsomal glucose 6- 
phosphatase to catalyze exchange of the O of H.O with P; has 
not been measured directly, but analysis of the P; liberated in 
the incubation with H.O” showed that it contained 0.57 atom 
% excess O08. This value, although slightly lower than the 
predicted value of 0.63 for incorporation of one water oxygen 
into the P;, indicates that microsomal glucose 6-phosphatase 
does not catalyze any appreciable exchange of O8 in water with 
the oxygens of orthophosphate. Further, a mixture of the 
glucose-6-P and P; was stored at 0° in the presence of approxi- 
mately 0.02 n HCl for several days and slight hydrolysis of the 
glucose-6-P could account for the low value. 

The results of this experiment, presented in Table IV, show 
that even though glucose-C™ is transferred into glucose-6-P, 
the O from water is not incorporated into the phosphoryl 
group of glucose-6-P. If the basis for the glucose incorporation 
without P; incorporation was the formation of a noncovalent 
enzyme-P; complex with all of the phosphate oxygens in the 
enzyme phosphate complex equivalent, oxygen incorporation in 
the glucose 6-phosphate would have resulted. 


In another similar experiment, no acceptor 


DISCUSSION 


The results make highly unlikely the participation of phos- 
phoryl enzyme intermediates in the hexokinase and pyruvate 
kinase reactions. The experiments on isolation of enzyme pro- 
tein after catalysis of phosphoryl transfer from ATP® demon- 
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strate conclusively that no more than 1499 and probably none of 
the catalytic sites form stable phosphoryl derivatives. The 
lack of formation of orthophosphate-P® during the isolation 
and washing of enzyme protein makes unlikely the initial pres- 
ence of an extremely labile phosphoryl enzyme. The experi- 
ments with use of a sensitive coupled assay system to detect 
ADP formation (Figs. 1 and 2) show the lack of formation of 
detectable phosphoryl enzyme by pyruvate kinase in the presence 
of all substrates and fully active enzyme. Similar experiments 
with hexokinase (Fig. 2) show the presence of a phosphoryl 
acceptor with the hexokinase. All the acceptor is acid-stable 
and readily dissociates from the protein. Thus, no detectable 
phosphorylation of any amino acid residue of the hexokinase 
occurs. The basis for the incorporation of P® into a hexokinase 
preparation as found by Agren and Engstrém (15) is not clear, 
but may reflect the impure nature of the preparations. Details 
of their experiments are insufficient to make a thorough com- 
parison with our findings. 

The failure to detect phosphoryl enzyme formation in the 
experiments reported in Figs. 1 and 2 clearly does not result 
because the enzymes were already in the phosphoryl form. As 
discussed elsewhere, little or no phosphoryl residues derived 
from substrates become stably’ attached to the enzymes. 

Thermodynamic considerations make it improbable that 
phosphoryl! enzymes are formed as catalytic intermediates which 
escape detection because their concentration is low. For ex- 
ample, in the experiments with the coupled lactate dehydro- 
genase assay for detection of ADP formation (Figs. 1 and 2), no 
net reaction was occurring, and any phosphoryl intermediate 
should be present in an equilibrium concentration. The possible 
phosphorylation of the pyruvate kinase, as represented by Equa- 
tion 1, and lactate dehydrogenase reaction, Equation 2, may be 
summed to give the net reaction that would accompany “any 
phosphory! enzyme formation (Equation 3) as follows: 


P-enolpyruvate + enzyme = P-enzyme + pyruvate (1) 


Pyruvate + DPNH = lactate + DPNt (2) 


P-enolpyruvate + enzyme + DPNH = 
P-enzyme + lactate + DPN* (3) 


The experiments reported in Fig. 1 are sufficiently sensitive for 
detection of phosphorylation of approximately one-tenth of 
the enzyme, and thus it is highly improbable that phosphoryla- 
tion of more than two-tenths of the enzyme could have escaped 
detection. The equilibrium constant for Equation 3 based on 
phosphorylation of two-tenths of the enzyme and with the 
concentrations of other reactants as present, would be approxi- 
mately 0.02, and the apparent AF = 2,300 calories. The 
equilibrium of the lactate dehydrogenase reaction at pH 7, as 
estimated from the data of Winer and Schwert (38), gives a 
value of the apparent AF for Equation 2, as written, of about 
—6,000 calories. From this it follows that for presence of 
two-tenths of the enzyme in the phosphorylated state at equilib- 
rium, the apparent AF value for Equation 1 would be 8,300 
calories; phosphorylation of less than two-tenths of the enzyme 
would make the apparent AF value even higher. Such calcula- 
tions show that the minimal apparent —AF value of hydrolysis 
of any postulated phosphoryl enzyme which escaped detection 
because it was present in low concentration would be 8,300 
calories greater than that for P-enolpyruvate. Similar calcula- 
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tions apply to the hexokinase results. Thus, the possibility 
that a phosphoryl enzyme participates in the catalyses by these 
enzymes is small. 

The presence of a bound phosphoryl] acceptor with the crystal- 
line hexokinase was somewhat unexpected. The Michaelis con- 
stant for glucose for yeast hexokinase has been reported as 1.5 
<x 10-4 m (39). Evenif the dissociation constant were an order of 
magnitude less, bound glucose would not be expected to carry 
through the various steps in the isolation and recrystallization 
of the hexokinase. After phosphorylation the acceptor has a 
much smaller affinity for the enzyme, as shown by its appearance 
in the supernatant solution when the enzyme is precipitated with 
ammonium sulfate. That the bound acceptor could be glucose 
is demonstrated by the ability of addition of excess glucose to 
the acceptor-free hexokinase and subsequent precipitation and 
washing of the hexokinase to give a preparation with restored 
acceptor ability.» The phosphorylated acceptor which dissoci- 
ates from the enzyme is acid-stable, like glucose 6-phosphate. 
These results together with the known specificity of the hexo- 
kinase infer but do not prove that the acceptor present with the 
original hexokinase is glucose or a closely related sugar. 

The occurrence of glucose as the bound acceptor is also 
consistent with the interesting findings of Najjar and McCoy 
(12) which show that yeast hexokinase readily acquired radio- 
activity when exposed to glucose-C“. Our results strongly 
indicate that the acceptor present on the native enzyme is not 
covalently bound, and thus, contrary to the suggestion of Najjar 
and McCoy (12), the phosphorylation of bound glucose and 
subsequent nonenzymic phosphory] transfer to a serine residue 
could not account for the findings of Agren. 

The various findings with hexokinase are consistent with the 
reaction which occurs by a mechanism similar to that suggested 
for pyruvate kinase, namely, by direct transfer of the phosphoryl 
group from ATP to the hydroxy] of glucose. Unlike pyruvate 
kinase, however, the Michaelis constant for at least one substrate, 
namely glucose, is not approximately equal to the dissociation 
constant. 

The results of O'8 studies with glucose 6-phosphatase rule out 
the possibility that glucose-C“, at inhibitory concentrations, 
reacts with a noncovalently enzyme-bound phosphate with a 
random elimination of phosphate oxygens as water. An enzyme- 
bound phosphate might, however, have the positions of 2 or more 
oxygens spatially fixed. This would make highly probable an 
enzymic distinction among the oxygens of the phosphory] group. 
If this were so, the oxygen which entered from water would be 
eliminated as water when glucose was incorporated into glucose- 
6-P, and thus no oxygen from water would be found in the phos- 
phoryl group of the unhydrolyzed glucose-6-P. Means of 
distinguishing between this possibility and that of formation of 
a phosphoryl enzyme, as suggested by Hass and Byrne (4), are 
not at present apparent. 


5K. A. Trayser and S. P. Colowick (37) have found that bound 
glucose present in initial crystals of hexokinase is lost on repeated 
recrystallization, and that no detectable glucose is bound (Ka > 
10-* m) by hexokinase as measured by equilibrium dialysis. Also, 
they have estimated the Ka value for enzyme-glucose to be ap- 
proximately 2.5 X 10-‘ as based on glucose protection from pro- 
teolytic digestion. The retention of bound glucose noted in our 
experiments may reflect an increased binding of glucose by the 
protein in presence of sufficient ammonium sulfate for precipita- 
tion of the protein. 
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SUMMARY 


Relatively large amounts of highly purified muscle pyruvate 
kinase and yeast hexokinase were allowed to catalyze phosphoryl! 
transfer from an excess of radioactively labeled adenosine 
triphosphate, followed by isolation of enzyme proteins by 
precipitation and dialysis techniques. The specific activity of 
the isolated proteins was less than 1499 of that of the adenosine 
triphosphate, demonstrating that, within experimental error, 
no stable phosphoryl enzymes are formed in the catalyses. 

The addition of a relatively large amount of pyruvate kinase to 
a sensitive assay system for formation of adenosine diphosphate 
or pyruvate from adenosine triphosphate or phosphoenolpyru- 
vate showed no detectable formation of a phosphoryl enzyme. 
Twice-crystallized hexokinase in a similar assay system showed 
the presence of a bound phosphoryl acceptor. The phospho- 
rylated acceptor was acid-stable, and readily dissociated from 
the enzyme to give a catalytically active hexokinase which no 
longer acted as a phosphoryl acceptor, but whose acceptor ca- 
pacity was restored by exposure to glucose. 

Thermodynamic considerations show that for any phosphory| 
enzymes to escape detection in the assay used would require 
their —AF value of hydrolysis to be approximately 8,000 calories 
greater than that of phosphoenolpyruvate. The findings give 
strong evidence against phosphoryl enzyme formation even in 
the presence of all substrates and under conditions where rapid 
net catalysis is possible. 

Liver microsomal glucose 6-phosphatase, when allowed to 
hydrolyze glucose 6-phosphate in H,O" with an excess of glucose 
present, does not catalyze an incorporation of water oxygen into 
the glucose 6-phosphate concomitant with the glucose incorpora- 
tion. The over-all hydrolytic cleavage occurs with split of the 
P—O bond. These findings are consistent with the hypothesis 
that glucose 6-phosphatase forms a phosphoryl enzyme as a 
catalytic intermediate, but do not rule out the possible participa- 
tion of a noncovalent enzyme-inorganic phosphate complex 
with stereospecific participation of the phosphoryl oxygens. 
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The turnover number of acetylcholinesterase is of special 
interest because the enzyme is thought to be one of the fastest 
enzymes and because a high speed is a prerequisite for the role 
of the enzyme in nervous function (1). The earliest value of 
the turnover number was given by Rothenberg and Nachman- 
sohn (2) in terms of the molecular weight for enzyme obtained 
from electric eel. The molecular weight was estimated to be 
3 X 10° from the rate of sedimentation in the ultracentrifuge 
and the preparation with the highest specific activity was as- 
sumed to be pure. The turnover number so obtained was 3 X 
10’ per minute per molecule of enzyme. 

Michel and Krop (3) used the irreversible inhibitor, diisopro- 
pylfluorophosphate. This compound phosphorylates the active 
site of acetylcholinesterase (and also that of other enzymes). 
In that study an enzyme preparation from electric eel was 
treated with diisopropylfluorophosphate containing radioactive 
phosphorus. The protein was precipitated with trichloroacetic 
acid and washed free of unreacted diisopropylfluorophosphate. 
The radioactivity which remained with the protein gave the 
number of active sites. A possible error in this method, and 
one which can be very large, is that diisopropylfluorophosphate, 
which is a fairly active phosphorylating agent, may phosphoryl- 
ate other proteins or other groups in addition to the active site. 
This possibility was discounted when it was found that little 
radioactivity was carried by the protein when the phosphoryla- 
tion was carried out in the presence of acetylcholine. The value 
obtained in that study was 4.9 x 10° per minute at 0.14 ionic 
strength, pH 7.4, 38°, and acetylcholine 0.015 m. The value per 
active complex was calculated to be 7.2 x 105 per minute. 

This method was modified by Cohen and Warringa (4) and 
used with enzyme from human red cells. During phosphoryla- 
tion with diisopropylfluorophosphate the active site was pro- 
tected with the poor substrate, butyrylcholine. Excess diiso- 
propylfluorophosphate and butyrylcholine were removed by 
dialysis and the still active enzyme was finally treated with 
radioactive diisopropylfluorophosphate. In this way it was 
hoped that, although other groups might be phosphorylated, 
only the active site would be phosphorylated with radioactive 
phosphorus. With the simpler technique, several times as 
much radioactivity was carried by the protein so that, in this 
case, the simpler technique was not satisfactory. These studies 
gave a value of 3 X 105 per minute per active site. 

A new method, which is described in this paper, uses dimethy]- 
carbamyl fluoride, which is a very poor substrate and an in- 


* This work was supported by the Division of Research Grants 
and Fellowships of the National Institutes of Health, Grant No. 
B-573, United States Public Health Service. 


hibitor of acetylcholinesterase. This substance was shown to 
be an inhibitor by Myers and Kemp (5). These authors sug- 
gested that the behavior of this compound was similar to that 
of diisopropylfluorophosphate and other alkylphosphates (5, 6). 
This theory was substantiated by the fact that the inhibited 
enzyme is reactivated by hydroxylamine and also by other ob- 
servations (7). 

This inhibitor carbamylates the active site of the enzyme ata 
measurable rate and the resulting dimethylcarbamyl enzyme, 
in turn, hydrolyzes at a measurable rate. The same dimethyl- 
carbamyl enzyme can be obtained from a number of other sub- 
strate-inhibitors such as dimethylcarbamyl choline and the 
dimethyl carbamates of 3-hydroxyphenyltrimethyl ammonium 
ion and of 3-hydroxy methylpyridinium ion (8). 

The reaction of the enzyme with dimethylcarbamy] fluoride is: 

O O 
| 
(CH;),N—C—F + H—G > (CH;)2.N—C—G + HF 
I E E' + H:O 





ky, 
4 
- 
f 
H—G + (CH;:)2N—C—OH 
E 


Here H-G represents the esteratic site of the enzyme. This 
scheme is the same as for a substrate but the enzyme-inhibitor 
(substrate) complex is not explicitly indicated because the in- 
hibitor (substrate) concentration is much smaller than the 
Michaelis constant. If there is only a small amount of enzyme 
present, the concentration of inhibitor remains sensibly constant 
and a steady state is reached in which the rate of formation of 
dimethylearbamyl enzyme equals its rate of hydrolysis. With 
a suitable amount of inhibitor and a very low concentration of 
enzyme, the steady state is reached in about 1 hour and persists 
indefinitely. We have for the ratio (R) of the normality of the 
inhibited enzyme (EZ’) to active enzyme (F) at the steady state 


(subscript ss) 
dE’ ' = 
(2) = k3(I)(E) — k(E’) = 0 


:; EN _k 
Re = € ), =~ 


in which (J) is the concentration of dimethylearbamy] fluoride. 
The ratio (EZ’/E) is determined with a good substrate—acetyl- 
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choline. The value of (Z) is determined in arbitrary units by 
diluting the solution of enzyme and inhibitor and measuring 
the rate at which an aliquot hydrolyzes acetylcholine. The 
difference between this rate and the rate found in the absence 
of dimethylearbamyl] fluoride yields the value of (H’) in the 
same units. The ratio (Z’)/(E) is, of course, dimensionless. 

The kinetic constants k, and k, were previously measured; the 
best values are (7, 8): 


ky = 2.6 X 107 min“ 
ky 

“= = 6.9 X 104 

ky 

ks = 18 X 108 min 


If there is a very large amount of enzyme present, the concen- 
tration of dimethylearbamyl fluoride continually diminishes, 
ie. it is hydrolyzed, and R slowly approaches zero. The rate 
of change of R is a measure of the rate of hydrolysis of inhibitor. 

The differential equations are 





1(E’ P 
ae = k3(1) X (BE) — ky (E’) (2) 
) ' 
aD) Le) x (3) 
dt 
and 
(E°) = (E) + (£’) (4) 


in which (Z°) is the normality of the enzyme, and is, of course, 
constant throughout the experiment. 

These equations have not been completely solved but a useful 
partial solution is obtained by substituting Equation 3 into 
Equation 2 and integrating between ¢ = 0 and? = ¢. 

t 
=) — &) — bf ena 6) 
0 
(This equation can also be written down by inspection) where 
I° is the initial concentration of inhibitor (substrate). The 
initial value of (E’) is zero. Because, as time progresses, (H’) 


and (I) approach zero, 
° (E’) 
ky / (E°) dt 


(7) 

= = 
Thus, by plotting (£’)/(#®) as a function of ¢ and measuring 
the area under the curve, H° can be evaluated if ky is known. 
This constant was previously measured by greatly diluting an 
inhibited enzyme solution and measuring the return of enzyme 
activity. 

A special solution of the differential equations which is useful 

for determining E° can be obtained for a limited time interval 
during which 





(6) 


1 d(E’) 


ks(E°) dt 





Lit we 








Under these conditions we have 


InR+ R = —k;E%(1 + @)t + In R®° — R° 1) ag 
where R° is a constant—it is the extrapolated value of R for 
t = 0. In two experiments to be described, & (the average 
value of a) = —0.02 and —0.04 for a time interval starting 
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somewhat later than the time required to reach the steady state 


(2,8 =0) 

(E) dt 

and extending until R declines to about 0.3 to 0.4. The above 
equation is valid for conditions which do not differ very 
much from the steady state, ¢.e. conditions under which Equa- 
tion 1 is nearly satisfied. 

The value of & is obtained from a plot of (E£’)/(E°) against 
time (Fig. 3). The slope at any point is 1/(E°) d(E’)/dt. The 
slope is fairly constant (the curve is nearly linear) in this inter- 
val and this “average” slope was used for evaluating &. The 
value of & need be known only approximately inasmuch as 
neglecting the parameter completely would introduce an error 
of only 2 and 4% in the values of H®. The value of R was de- 
termined (as shown previously) as a function of time and the 
data was plotted so as to give a straight line in accordance with 





* Equation 7 is derived as follows: 


Substitution of Equation 4 in Equation 2 yields 





1(E’ . 
ME) = OD + BOE) — kB 
k,(E°) d(E’) 1 
E) = —=———__ + —- >= —— 
(2) ks(I) + kg dt k3(I) + ky ®) 
(E) = ky (EB) (1 + @) | __ t FF) 
kD +k?" ~ &(B) dt 
Substitution of Equation 8 in Equation 3 yields 
d(I) ray ke El + a) 
a OO sk 
ks d(I) ’ 
ke dU) + (WD = —k;(E2°)(1 + a) dt 
Integration (if @ is constant or small) gives 
ks 0 @) ie 
7, — Um) + In = - ENA + 
but from Equation 8 and Equation 4 
k3(1) (EZ) + (E’) 
- = (1 + a) | ———-] -l= 
k, (1+ | (E) | a+(1+a)R (9) 


- RV + a) + In (RQ + a) + a] — RU + a) 
— In [R°1 + a) + a] = —k;(E)(1 + at 


(Because a can be evaluated, this equation can be used, but be- 
cause a is small, further simplification is possible.) 


In (RU +e) bal = In +In(1+a+2) - R+1InR 


= —k;(E)(1 + a)t + R° + In R° + f(a, R, R°) 


where 


f(a, R, R°) = aR + In ( +e+%) — aR? — in(1 +a+2) 


The value of f(a, R, R®) is less than a for 0.3 < R < 3and can be 
omitted without significantly affecting the slope or the intercept. 








2294 


Equation 7 (2.3 log R + R was plotted against t). With the 
known value of k;, (E°) was obtained from the slope. The value 
of R® agreed with previously measured values of k;/ks (see Equa- 
tion 9). 

In this paper we use these two methods of evaluating H°, one 
based on Equation 6 and the other on Equation 7. 


EXPERIMENTAL PROCEDURE 


The acetylcholinesterase preparation was obtained from the 
electric organ of Electrophorus electricus (9). The solution was 
0.050 m sodium phosphate buffer, pH 7.0, contained 2.4 mg of 
protein per ml, and had an activity of 5.3 mmoles of acetylcho- 
line hydrolyzed per minute per ml. 

Activity was measured by the colorimetric method of Hestrin 
(10) with acetylcholine, 2.6 x 10-* Mm, in buffer of the composi- 
tion, 0.1 m NaCl, 0.01 m MgCls, and 0.02 m sodium phosphate 
at pH 7.0, 25.0°. The assay time was 1 minute and the dilution 
of enzyme was such that with uninhibited enzyme about 1.5 
umoles of acetylcholine were hydrolyzed. 

In this work, the integrated kinetic equation which contains 
terms for substrate inhibition and for product inhibition was 
used to calculate the enzyme activity. For hydrolysis of about 
1.5 wmoles per ml, the calculated initial velocity is 18% higher 
and agrees precisely with experimental initial velocities meas- 
ured by the method of continuous automatic titration. 

In one experiment, 0.300 ml of enzyme solution was mixed 
with 0.300 ml of saline buffer containing 8 X 10-5 m dimethy]l- 
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Fic. 1. The data of Experiment I are plotted in accordance 
with Equation 7. R = (E’)/(E) 
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Fic. 2. The data of Experiment II are plotted in accordance 
with Equation 7. R = (E’)/(E) 
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. pe = ee ks’* = slope | vt 
a OteR ST) "waste | E 
Ira = —0.02 | 6.7X 10° | 3.6X 10° | 7.4 x 108 
II,a = —0.04 6.8 X 105 6.7 X 10°° | 7.4 X 105 
| 
Method based on Equation 6 
ee “s | 0) | ? “s 
Areat — hrs | Eo = pees | 
ee eer eee | 
I 7.20 3.6 X 10-* | 7.4 X 105 
II 3.86 6.7 X It* 7 


-5 X 105 

* Equation 9. 

tv is the initial velocity of hydrolysis of acetylcholine ip 
mmoles per ml per minute multiplied by the extent to which the 
enzyme was diluted in order to assay it. 

t Area under the curve of (E’/E®) versus time from t = 0 to 


t= 0, 





carbamy] fluoride and kept at 25.0°. At various times an ali- 
quot was withdrawn, diluted 300 times with buffer, and assayed 
1 minute later by adding 0.200 ml to 1.00 ml of acetylcholine 


buffer. A small correction was made for the recovery during 
this minute. Uninhibited enzyme hydrolyzed 1.50 uwmoles in 1 
minute. The initial velocity was, therefore, (1.5 x 10-3 x 


1.18)/1.20 = 1.48 xX 10-* mmoles per minute per ml. The 
enzyme was diluted 1.8 X 10° times in the assay. 

In a second experiment, 0.300 ml of enzyme solution was 
mixed with 0.0100 ml of saline buffer containing 1.24 x 10° 
dimethylearbamyl fluoride. The final concentration of in- 
hibitor-substrate was the same in both experiments, 4 X 10-®x, 
but in the second the enzyme concentration was almost twice as 
great. For assay an aliquot was diluted 600 times and 0.200 
ml added to 1.00 ml of an acetylcholine buffer. Uninhibited 
enzyme hydrolyzed 1.41 wmoles in 1 minute. The initial veloc- 
ity was (1.41 * 107% X 1.18)/1.20 = 1.389 x 10-* mmoles per 
minute per ml. The enzyme was diluted 3.6 Xx 10° times in 
the assay. 


RESULTS 


The data were plotted in accordance with Equation 7 and the 
expected straight lines were realized (Figs. 1 and 2). The steady 
states were reached in about 1 hour. The values of the param- 
eters calculated from these lines and from the enzyme activities 
with acetylcholine as substrate are given in Table I and it will 
be noted that the two experiments are in good agreement. The 
values of k;/ks agree with previous measurements. 

The values of (E’) /(E°) as a function of time are shown in Fig. 
3 for Experiment II. The data for Experiment I are very simi- 
lar but the time scale extends twice as long. The extrapolated 
area is less than 2% of the total area. The pertinent data are 
presented in Table I. Both experiments agree and the two 
methods yield about the same result. 

The kinetics of the hydrolysis of acetylcholine follows the 
Michaelis equation modified for substrate inhibition: 


ai kE® (10) 
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in which K, = 9.2 X 10-5 (10) and Ke = 3 X 10°. 
2.5 X 10-3 M, v/E® = 7.4 X 105 min— (Table J), and, therefore, 
k = 83 X 10° min“. At the optimal substrate concentration 
the turnover number is 7.4 X 10° per minute per active site and 
the average time required to hydrolyze 1 molecule of acetylcho- 
line is 81 wseconds. The turnover number per occupied site 
is 8.3 X 10° per minute. This value is somewhat higher than 
the value of Michel and Krop (7.2 x 105), especially because 
their value is for a higher temperature, 38°, and a more favora- 
ble pH (7.4). Lawler, in this Journal, reports measurements 
of the order of 6 X 10° for the turnover number at 30°, pH 7, 
acetylcholine 3 X 10-* m.* 

The rate constant k is composed of two constants related by 


For S = 


1 1 1 


; -. 


where ks is the specific rate of formation of the acetyl en- 
zyme from the enzyme substrate complex and k, is the 
pseudo first order rate constant for the hydrolysis of the 
acetyl enzyme. For acetylcholine at 25° the ratio k;/k, seems 
to be of the order of 6 (10). Assuming this value to be correct, 
we have kzj = 6 X 10° min“, ky = 1.0 X10 min-. The half- 
time for the formation of the acetyl enzyme is 7 uwseconds and 
the half-time of the acetyl enzyme is 42 useconds. 

The purest enzyme prepared by Nachmansohn and Rothen- 
berg had an optimal activity of 6.9 mmoles of acetylcholine 
hydrolyzed per minute per mg of protein at 25° and pH 7.2. 
Recent values by Lawler are 7.2 mmoles per minute per mg of 
protein at 30° and pH 7.0. Probably 6.8 is a reasonable esti- 
mate for our conditions. This value gives an equivalent weight 
of 1.07 x 10°. 

This general method for determining the turnover number 
would seem to be of general applicability. 

It is pertinent to inquire into what consequences this turnover 
number has for the theories that involve acetylcholinesterase in 
neurological events. In these phenomena it is assumed that 
acetylcholine is released and acts on a specific receptor, and that 
this action is terminated by hydrolysis. The time is limited to 
about 200 useconds for conduction and 2 msec for transmission. 
The concentration of acetylcholine is evidently quite low. cer- 
tainly far below the K,, for acetylcholinesterase, 10-4 m. The 
turnover number depends, of course, on the substrate concen- 
tration and is quite low at low substrate concentrations, but the 
fractional rate of hydrolysis is greater at lower concentrations 
and is essentially independent of the concentration for values 
well below the Michaelis constant. We can, therefore, answer 
the questions, ““‘What normality of enzyme is required to hy- 
drolyze 80% of the acetylcholine present in 200 useconds; in 2 
msec”? The answer obtained from the integration of Equation 
10 is about 5 x 10-' Nand 5 X 10-8 N. This is, of course, quite 
a high concentration but it does not seem unreasonably high for 
localized portions of the cells. It is interesting that this con- 
centration of enzyme is greater than biologically active con- 


_* The application of carbamyl enzyme studies to the determina- 
tion of turnover number described in this paper was started as 
Lawler was engaged in her work. 
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Fic. 3. The data of Experiment II are plotted in accordance 
with Equation 6. 


centrations of acetylcholine. (Equation 10 is not accurate under 
these conditions and gives a low but roughly correct answer.) 


SUMMARY 


A new method for determining the normality of an enzyme 
solution and its turnover number is described. The basis of 
the method lies in the fact that certain compounds which are 
generally regarded as inhibitors are, in reality, extremely poor 
substrates. The reactions of these substances, in particular, 
dimethylcarbamy] fluoride with acetylcholinesterase, are so slow 
that the rate constants for the individual steps can be evaluated 
and these values, in combination with information concerning 
the over-all rate of hydrolysis, are sufficient to calculate the 
normality of the enzyme solution. Because dimethylcarbamyl] 
fluoride inhibits the enzyme with regard to the hydrolysis of 
acetylcholine, the hydrolysis of dimethylearbamy] fluoride is 
readily indicated by the declining inhibition. 

Equations are derived which are convenient for determining 
the normality of the enzyme solution from the time course of 
the inhibition of the hydrolysis of acetylcholine. 

The turnover number at 25°, pH 7.0, acetylcholine 2.5 x 
10-3 m, was found to be 7.4 X 105 min-. 


Acknowledgments—The authors wish to thank Dr. G. Schrader 
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The turnover time of the enzyme, acetylcholinesterase, is of 
biological interest because of the role proposed for its substrate 
in nerve conduction. According to the theory of Nachmansohn, 
the action of acetylcholine on a receptor protein is responsible 
for the generation of bioelectric potentials by increasing sodium 
conductance. Acetylcholinesterase, which inactivates acetyl- 
choline by hydrolysis, reverses the process and permits the rapid 
return of sodium conductance to its resting value. The peak of 
increased conductance, according to electrical measurements, is 
reached very rapidly. In the squid giant axon, the impedance 
change reaches its maximum in 100 useconds and then starts to 
fall. As a prerequisite of the theory, the hydrolysis of acetyl- 
choline by the enzyme should take place at a comparable speed 
(2). 

The first estimates of the turnover number and turnover time 
were made from the sedimentation rates of electric eel esterase 
(3). The data were incomplete and, therefore, only tentative 
estimates were made. Investigations of the turnover time of 
acetylcholinesterase by titration with powerful irreversible in- 
hibitors have been made on enzyme preparations from the red 
cell and from electric tissue which had low specific activities (4, 5). 
In the present study, the turnover time was determined on a 
highly purified preparation from Electrophorous electricus which 
consisted of a single component on ultracentrifugal analysis and 
had a specific activity of 7.2 mmoles of acetylcholine hydrolyzed 
per mg per minute. The specific activity of 7.2 is equal to the 
highest specific activity previously reported (3) and the prepara- 
tion will be described in a separate paper. In addition, measure- 
ments were made on a less pure preparation, with a specific 
activity of 1.2 mmoles of acetylcholine hydrolyzed per mg per 
minute, which had been treated with an excess of inhibitor to 
block the nonspecific sites and then reactivated with pyridine-2- 
aldoxime methiodide to specifically displace the inhibitor from 
the active sites (6). The number of active sites was determined 
from the inhibition produced by known concentrations of two 
organophosphorus compounds. Diethoxyphosphorylthiocholine, 
a specific cholinesterase inhibitor (7, 8), was used. P**-labeled 
tetraethylpyrophosphate was incubated with the enzyme and 
the inhibition corresponding to the amount of bound radioactive 
phosphorus was determined. 


* A preliminary report was presented at the meeting of the 
American Society of Biological Chemists, Chicago, Illinois, April 
1960 (1). 

+ This work was supported by the Division of Research Grants 
and Fellowships of the National Institutes of Health, United 
States Public Health Service, Grant No. B-400, and by the Na- 
tional Science Foundation, Grant No. G-12901. 


EXPERIMENTAL PROCEDURE 


Materials and Methods 


The source of acetylcholinesterase was the electric organ of 
Electrophorus electricus. The enzyme was purified by ammo- 
nium sulfate fractionation (9). The specific activities are re- 
ported as mmoles of acetylcholine hydrolyzed per mg of protein 
per minute at 30°, in 10°? m MgCh, pH 7.0. The activity of the 
enzyme was measured and the protein concentration determined 
as described previously (9). The enzyme preparation with 4 
specific activity of 1.2 was obtained by the reported procedure 
and the preparation with a specific activity of 7.2 was obtained 
by high speed centrifugation of a preparation with a specific 
activity of 1.45. The protein concentration in the preparation 
with the highest specific activity was determined by the method 
described by Exley (10). The enzyme preparations were dia- 
lyzed against 0.1 m NaCl, 0.015 m MgCl, and 0.015 m sodium 
phosphate buffer, pH 7.2. Dilution or dialysis of the enzyme 
solutions was in the same salt-buffer solution. The enzyme 
preparations were inhibited with either phospholine,! obtained 
from the Campbell Pharmaceutical Company; or TEPP®, pre- 
pared by the Nuclear-Chicago Corporation, and reactivated 
with 2-PAM, prepared by Dr. Sara Ginsburg. 

Phospholine Inhibition of Acetylcholinesterase—The reaction 
mixture was prepared by the addition of the desired dilution of 
phospholine in 0.05 n NaCl, 0.05% gelatin, and 0.02 n sodium 
phosphate buffer, pH 7.5, to an enzyme preparation diluted 
with the same solution which could hydrolyze 45 to 90 mmoles 
of acetylcholine per ml per hour. The reaction mixture, ina 
total volume of 0.2 to 0.3 ml, was shaken slowly for 10 minutes 
at 25° and then diluted to a volume of 1 ml and placed in ice and 
assayed. Control samples were prepared without phospholine 
and subjected to the same reaction conditions. The reaction 
mixtures were also incubated for 20 and 30 minutes. The varia- 
tions in the results at the three different reaction times were 
within the experimental error and there was no evidence for an 
increase in inhibition with an increase in the time of reaction. 
The results reported are the inhibition values obtained from an 
average of the values measured at two or three reaction times. 

The nonspecific sites in the enzyme preparation with a specific 
activity of 1.2 were treated with phospholine in the following 
manner. To 0.4 ml of the enzyme preparation was added 3.3 
ml of the gelatin-buffer mixture and 0.2 ml which contained 2.1 X 


1The abbreviations used are: 2-PAM, pyridine-2-aldoxime 
methiodide; phospholine iodide, diethoxyphosphoryl]thiocholine 
iodide; TEPP®, P*-labeled tetraethylpyrophosphate. 
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10-8 moles of phospholine. After incubation for 20 minutes at 
94°, over 99% of the activity was lost. Then the enzyme was 
partially reactivated by the addition of 0.2 ml of a solution which 
contained 2.38 X 10-7 moles of 2-PAM. For complete reactiva- 
tion twice as much 2-PAM was used. In order to remove the 
unbound phospholine and the 2-PAM, the mixture was dialyzed 
against 400 ml of the salt-buffer solution for 3 hours and against 
another 400 ml of the salt-buffer solution overnight. Aliquots 
of the dialysate were treated with known concentrations of phos- 
pholine as described. 

The turnover time was calculated from the turnover number, 
which was taken as equivalent to the number of molecules of 
substrate hydrolyzed per minute per active center of the enzyme. 
The number of molecules hydrolyzed per minute was obtained 
from the assay values of the control samples. The number of 
active centers was taken as equivalent to the concentration of 
phospholine required to produce 100% inhibition. The con- 
centration of phospholine that caused partial inhibition was 
extrapolated to the concentration that would produce 100% 
inhibition, on the assumption that a proportional relationship 
existed. The concentration of the active centers was considered 
equivalent to the concentration of phospholine because of the 
specificity of action of the inhibitor. 

TEPP® Inhibition of Acetylcholinesterase—An acety|cholin- 
esterase preparation (specific activity, 1.2) which could hydrolyze 
27.5 mmoles of acetylcholine per minute in a volume of 3 ml was 
incubated for 1 hour at 25° with 0.3 ml of a nonlabeled TEPP 
preparation. There was almost complete inactivation. Then 
1 X 10-® moles of 2-PAM in 0.2 ml were added to the incuba- 
tion mixture and the mixture was incubated for 1 hour at 25°. 
The reaction mixture was dialyzed against 300 ml of the salt- 
buffer mixture, to which had been added 2-PAM to a concentra- 
tion of 3 X 10-4 M, for a period of 105 minutes at 4°. Then it 
was dialyzed overnight against 3 liters of the salt-buffer mixture 
and for 8 hours against an additional 3 liters of the salt-buffer 
mixture. The activity recovered in the dialysate was 93% of 
the original activity. To 1 ml of the dialysate was added a 
quantity of TEPP® which would partially inactivate the enzyme 
and the mixture was incubated at 25° for 20 minutes. The total 
volume was made up to 2 ml with the salt-buffer solution and 
dialyzed against the same solution for 13 hours at 4°. At the 
end of dialysis, the enzyme activity of the TEPP*-treated ma- 
terial was compared with a control preparation in order to de- 
termine the per cent of inhibition. Radioactivity determinations 
were made with a Geiger-Miiller scaler. Two aliquots of the 
treated material were dried and compared with known amounts 
of radioactive phosphorus in the form of alkali-hydrolyzed 
TEPP# which had been dried in a similar fashion. 

The acetylcholinesterase preparation reactivated by 2-PAM 
was treated with three concentrations of TEPP® and the turn- 
over time calculated at each level of inhibition. The turnover 
time was determined in the same manner as described for the 
phospholine inhibition except that the number of active sites 
was calculated from the amount of radioactive phosphorus 
bound. It was assumed that, in the reaction of TEPP with the 
active site, the measured amount of radioactive phosphorus 
bound would be equivalent to only half of the number of moles 
of TEPP that had reacted with the enzyme. This assumption 
was justified by TEPP inhibition studies of chymotrypsin. 

TEPP® Composition Determined by Titration—The purity of 
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the TEPP® preparation was questioned as it was reported to 
have a refractive index of 1.4162, whereas pure TEPP has a re- 
fractive index of 1.4196. The concentration of free acid, which 
was assumed to be diethylphosphoric acid, was determined by 
titration with standard alkali, to pH 7, of a weighed aliquot of the 
TEPP preparation immediately after dilution. The TEPP con- 
centration of the preparation was determined in a sample ad- 
justed to pH 7, to which was added a known concentration of 
standard alkali to raise the pH to 12. The alkaline hydrolysis 
was considered complete in 30 minutes, as prolonging the hy- 
drolysis to 70 minutes did not increase the amount of acid 
liberated. The sample was titrated to pH 7 with standard acid 
and the concentration of TEPP calculated from the determined 
concentration of the diethylphosphoric acid released. It was 
found that diethylphosphoric acid contributed 13.7% of the 
weight and TEPP contributed 54.8% of the weight in the prepa- 
ration. On the assumption that all of the isotope is present in 
the TEPP and the diethylphosphoric acid, then 68.5% by weight 
of the preparation is labeled. 

TEPP® Composition Determined by Reaction with Chymo- 
trypsin—To determine the distribution of the isotope and the 
concentration of TEPP® in the preparation, chymotrypsin was 
inhibited with the TEPP® preparation. 

To 8.66 mg of salt-free chymotrypsin? in 1 ml of 0.1 m NaCl 
and 0.015 m sodium phosphate, pH 7.3, was added 1 ml of the 
TEPP® preparation (41.2 wg) in the same salt-buffer solution. 
A control sample was prepared at the same time. Both samples 
were incubated for 3 hours at 26° and then dialyzed for 16 hours 
against the above salt-buffer solution. The chymotrypsin ac- 
tivity was determined by a slight modification of the potentio- 
metric measurement of hydrolysis of N-acetyltyrosine ethyl 
ester (11).8 It was found that 21.6% of the activity had been 
lost. On the assumption that 54.8% by weight of the TEPP 
preparation was TEPP®, 7.78 x 10-§ moles of TEPP had been 
incubated with chymotrypsin. The molecular weight of chy- 
motrypsin derived from studies of diisopropylfluorophosphate 
inhibition of the enzyme was 24,800 (12). Therefore, 3.54 x 
10-7 moles of chymotrypsin had been incubated with TEPP and, 
if 1 mole of TEPP inhibits 1 mole of chymotrypsin, 22% of the 
activity should have been lost. The excellent agreement be- 
tween the calculated and experimental results supports the 
value for the TEPP concentration obtained by titration. 

Radioactivity determinations were made as described above 
on aliquots of the TEPP*®-treated dialysate. It was assumed 
that in the alkali-hydrolyzed TEPP®-samples prepared as con- 
trols only 68.5% of the weight was labeled. Then it was found 
that the ratio of the moles of labeled phosphorus bound to the 
moles of chymotrypsin was 0.50. 

Another chymotrypsin preparation was inhibited 21.3% and 
the ratio of moles of TEPP to moles of chymotrypsin was 0.47. 
In addition, samples of chymotrypsin were inhibited with larger 
concentrations of TEPP which produced 57% and 100% in- 
hibitions, and the ratio of the moles of TEPP bound to the 
moles of chymotrypsin was slightly lower, 0.45 to 0.42. At the 
higher levels of inhibition, some other type of inactivation 
seemed to occur. The results of the chymotrypsin studies were 


2 Crystallized, salt-free chymotrypsin was obtained from the 
Worthington Biochemical Corporation. 

3The N-acetyl-L-tyrosine ethyl ester hydrochloride was ob- 
tained from the Mann Research Laboratories, Inc. 
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in agreement with the information derived from the titration 
studies. 
RESULTS 

Phospholine Inhibition of Acetylcholinesterase—The highly 
purified preparation of acetylcholinesterase (specific activity, 
7.2), which sedimented as a single component in the ultracentri- 
fuge, was incubated with six different quantities of phospholine 
(Fig. 1). A fairly linear relation was found between the per 
cent activity and the moles of phospholine added below 90% 
inactivation. The turnover time calculated from the 
average value of the five other measurements and was found to 
be 99.8 useconds. 

As it was possible that other groups, even on the highly puri- 
fied acetylcholinesterase preparation, could bind phospholine, 
the following technique was used. An acetylcholinesterase 
preparation (specific activity, 1.2) was saturated with phospho- 
line and then completely reactivated with 2-PAM. Aliquots of 
the preparation were incubated with five different quantities of 
phospholine (Table I). It was evident that a proportionally 
greater quantity of phospholine was required to produce an 
inhibition of 80% than was required to produce inhibitions up 
to 30%. The turnover time’ was determined from an average 
of the values that produced inhibitions up to 30% and was 
found to be 35 wseconds. This was the lowest value determined 
experimentally. 

Much higher values were found for the turnover time when 
partially reactivated acetylcholinesterase was inhibited with 
different quantities of phospholine. An acetylcholinesterase 
preparation (specific activity, 1.2) saturated with phospholine 
and partially reactivated with 2-PAM was found to have only 
76% of the original activity. The activity was titrated with 
phospholine and on the following day, when the activity had 
dropped to 74% of the original activity, it was titrated again 
with phospholine (Table II). The difference in the results ob- 
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Fig. 1. Phospholine titration of acetylcholinesterase (specific 
activity is 7.2 mmoles mg™ min“). 
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Phospholine titration of acetylcholinesterase reactivated 
by 2-PAM 
In the turnover number calculation, the number of active sites 
was taken as equivalent to the calculated concentration of phos- 
pholine required to produce 100% inhibition. The calculated 
concentration was equal to the concentration used divided by the 
inhibition determined. The turnover time was derived from the 
turnover number. In the reaction mixture, 9.17 X 10-5 moles of 
acetylcholine were hydrolyzed per minute. 








Concentration of 
phospholine re- 
quired to produce 
100% inhibition 


Turnover 
number 


Phospholine 


Inhibition F 
bitic concentration 


| Turnover time 
} 





moles of acetyl- 
choline/min/ 


moles K 107" moles % 107 mole of active seconds 
stiles X 106 
13.5 0.564 4.173 2.20 27.3 
24 1.128 4.70 1.95 30.8 
30 1.4 4.70 1.95 30.8 
28 2.256 8.056 1.14 52.6 
80 11.28 0.65 92.4 


14.1 


Taste II 
Phospholine titration of acetylcholinesterase partially 
reactivated by 2-PAM 
Turnover time and turnover number calculated as described 
for Table I. The untreated enzyme preparation hydrolyzed 
9.34 X 10~* moles of acetylcholine per minute. 





|Concentration 
of phospholine 


activity [Inbibition | oncentration| Tequited to, | “number | "time 
inhibition 
moles X 1075 
acetylcholine, % moles X 10-"| moles K 10™ | moles XK 105 psec 
min 
7.09 7.6 0.86 11.24 6.29 | 95.4 
7.09 13.9 2.053 14.77 4.80 | 125.1 
7.09 14.2 1.283 9.03 7.84 | 76.5 
7.09 24.6 | 2.567 | 10.42 6.80 | 88.3 
7.09 36.0 3.420 9.50 | 7.45 | 80.5 
7.09 40.5 5.130 12.67 5.60 | 107.3 
7.09 63.4 | 6.840 | 10.78 | 6.56 | 91.4 
7.09 90.0 10.260 11.40 6.18 | 96.7 
| 

6.90 10.1 1.026 10.16 | 6.78 | 88.5 
6.90 27.6 3.020 10.94 | 6.31 95.1 
6.90 32. 4.110 12.50 5.52 | 108.9 
6.90 51.7 6.040 11.68 5.90 | 101.8 
6.90 68.8 8.550 12.42 | 5.54 | 108.2 
6.41 16.2 2.513 15.51 4.13 | 145 
6.41 27.0 4.020 14.88 4.31 | 139 
6.41 38.7 5.910 15.27 143 


tained on the 2 days showed a slightly greater increase in the 
turnover time as the enzyme activity decreased, but it was 
within the experimental error of the method. The enzyme 
preparation was allowed to stand in the refrigerator for 2 weeks, 
the activity dropped to 69% of the original activity, and it was 
titrated with three quantities of phospholine. From Fig. 2 it 
can be seen that greater quantities of phospholine were required 
to inactivate than had been required previously. From the 
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Fig. 2. Phospholine titration of acetylcholinesterase partially 
reactivated by 2-PAM. The slopes decreased as the level of en- 
zyme activity decreased. Values were obtained on enzyme prep- 
arations at 76%, @; at 74%, A; and at 69%, @, of the original en- 
zyme activity. 





linear relation between the per cent activity and the phospholine 
concentration, the binding of the inhibitor at the inactive or less 
active groups seems to be proportional to the binding at the 
active sites. The observation was made when over 25% of the 
original activity had been lost. The turnover time was calcu- 
lated from the values obtained for the three titrations. At 76% 
of the original enzyme activity the turnover time was 95.2 
useconds, at 74% the turnover time was 100.5 useconds, and at 
69% the turnover time was 142 pseconds. 

In addition, to the three preparations that had 69% of the 
original activity and had been incubated with phospholine, more 
phospholine was added and the mixtures were incubated. The 
turnover time calculated from the values obtained was 243 
useconds. Either the binding sites increase as the enzyme is 
inactivated or the binding occurs less readily with the remaining 
active sites when most of the sites have been covered. 

If, as the evidence suggests, more phospholine is required to 
inhibit a partially inactive enzyme preparation than to inhibit 
a fully active enzyme preparation, the moles of inhibitor re- 
quired to inhibit or the number of active sites in a fully active 
preparation could be estimated. If a linear relation between 
the turnover number and the level of enzyme activity through- 
out the range of enzyme activity is assumed, it would be possi- 
ble to obtain a value for the turnover number of a fully active 
enzyme preparation. A value of 27 x 10° moles of substrate 
per second per mole of active site was found and from it was 
derived a turnover time of 37 wseconds. 

The estimated turnover time of 37 useconds is in good agree- 
ment with the lowest experimentally determined value of 35 
useconds. A turnover number in agreement with these values 
would be 16 X 105 moles of substrate hydrolyzed per mole of 
active sites per minute. However, most of the experimentally 
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determined values for the turnover time were greater and in the 
case of the highly purified enzyme preparation, which when 
titrated had 89% of its original activity, the turnover time was 
100 yseconds. 

TEPP® Inhibition of Acetylcholinesterase—The acetylcholines- 
terase preparation (specific activity, 1.2), treated with non- 
labeled TEPP and reactivated with 2-PAM, was found by assay 
to have 93% of its original activity. It was separated into 
three portions and treated with three different quantities of 
TEPP®. To avoid an error caused by the spontaneous reacti- 
vation of TEPP-inhibited acetylcholinesterase in aqueous solu- 


. tion (13), the planchets were prepared for the radioactivity 


measurements at approximately the same time as the activity 
determinations were made. 

The turnover time was calculated at each level of inhibition 
(Table IIT). At 11% inhibition the turnover time was 70.6 
useconds, at 22% inhibition it was 76.7 useconds, and at 82.8% 
inhibition it was 113 wseconds. These results demonstrate that 
more inhibitor is actually bound at the higher levels of inhibition 
than would have been expected if the increase had been propor- 
tional to the increase in inhibition. It has been reported by 
Augustinsson and Nachmansohn that the loss of enzyme activity 
was not proportional to the increments of TEPP added but was 
less than was expected at the higher levels of inhibition (14). 
In the present studies it was evident that not only was more 


TaB_e III 
TEPP® inhibition of acetylcholinesterase reactivated 
by 2-PAM 
Turnover time and turnover number calculated as described for 
Table I except that turnover number determined from moles 
hydrolyzed per second rather than moles per minute. 

















| 
Control activ- eee Mol ——— 
ity moles ace- lIphibition| “im reaction | active | moles of ace- | Turnover 
sec* mixturet sitest active site 
per sec 
ie | °K xX 10 X 108 psec 
12.27 | 1 227 + 6.6| 8.66 1.42 70.6 
12.27 22 493 + 14 9.42 1.30 76.7 
7.69 | 82.8 | 1718 + 32.3| 8.72 .88 113.3 





* A smaller volume of enzyme was used for the third experiment 
and the additions were reduced proportionally so that the final 
dilution was the same. 

+ The values reported are the average of the counts obtained 
from two to three aliquots of the same reaction mixture. Each 
aliquot was counted at six different time intervals. The values 
were corrected for decay. 

t Sample calculation to give the concentration of active sites 
in the reaction mixture. 





P Love 227 ¢.p.m._, 2.52 X 10-7” moles TEPP 1 
Active sites in moles = = 


0.11 120 ¢.p.m. 0.5 





The factor 0.5 was obtained from the ratio of 


moles TEPP 
moles chymotrypsin’ 





The value of 120 c.p.m. was determined experimentally for 2.52 X 
10-19 moles of TEPP* that had been weighed, the weight corrected 
for nonlabeled impurities, the sample hydrolyzed by alkali, and 
counted. 
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Fic. 3. Turnover time determined by TEPP® binding at three 
levels of inhibition. 





TEPP required than had been expected, but additional radio- 
active phosphorus was bound on the protein. Therefore, it 
would seem that TEPP was reacting with groups other than the 
active sites on the protein. 

To correct the turnover time to a value that does not include 
the nonspecific binding, the turnover time was plotted against 
the per cent inhibition (Fig. 3). As no nonspecific binding oc- 
curs at zero inhibition, the correct turnover time would be 64 
useconds. If the observation derived from the phospholine 
studies also applies to TEPP inhibition, 7.e. more moles of in- 
hibitor are required to inhibit a partially inactive enzyme than 
a fully active enzyme, the turnover time should be even smaller. 
If the same correction made in the phospholine determinations 
is applied to the results obtained with TEPP on a preparation 
which had only 93% of its original activity, the turnover time 
for the fully active preparation would be 55 useconds. The 
turnover number would be 10.9 x 10° moles of substrate hy- 
drolyzed per minute per mole of active sites. 


DISCUSSION 


All of the values are of a magnitude which satisfies the re- 
quirement for the postulated physiological role, 7.e. that the 
turnover time should be approximately 100 yuseconds. The 
change in membrane permeability during activity starts to 
return to its resting value after that period of time. However, 
a precise value for the turnover time has not been found under 
the experimental conditions used. Such marked variations in 
the experimentally determined values were unexpected. The 
values obtained with two different inhibitors differed and the 
values were influenced by the level of activity of the enzyme 
and by the amount of inhibition produced. 

It was found that at the higher levels of inhibition the linear 
relationship did not hold between the concentration of inhibitor 
added and the inhibition produced. The deviation from linear- 
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ity was attributed to nonspecific binding or difficulty in binding 
at the higher levels of inhibition. Therefore, the values ob- 
tained for partial inhibition were extrapolated to the values 
that would be expected for 100% inhibition. The possibility 
exists that the deviation from linearity might be caused by the 
contribution of binding at less efficient hydrolytic sites and, if 
this should be the case, the extrapolated values are weighted in 
favor of the active sites of the greatest hydrolytic efficiency, 
This was acceptable because the intent of the study was to 
determine the most efficient hydrolysis of acetylcholine possible 
in order to find out whether the maximal rate satisfied the bio- 
logical requirement. 

The difference between the TEPP results and those of phos- 
pholine could be explained by the fact that phospholine is a 
more specific acetylcholinesterase inhibitor than is TEPP. If 
TEPP combined more readily than phospholine with groups 
other than the active sites, the value of 64 useconds obtained 
in the TEPP studies is too high. The data indicate that, as the 
activity of the enzyme preparation decreased, greater concen- 
trations of inhibitor were required to produce any given level 
of inhibition. The result is interesting. One possible explana- 
tion may be that, as enzyme activity is lost, a corresponding 
alteration in the protein structure occurs which brings into 
contact with the inhibitor additional binding groups. For this 
explanation, the corrections made on the experimentally deter- 
mined values would apply. It is also possible that the efficiency 
of the hydrolytic process by the active sites is influenced by 
associated groups. In that case, the corrected values apply 
only to the more active sites on the molecule. 

It had been hoped that all nonspecific inhibitor binding would 
be eliminated by the experimental conditions used. The en- 
zyme preparation had been saturated with the inhibitor and 
then reactivated with the specifically designed 2-PAM which 
should have displaced the phosphoryl groups from the active 
sites only. It is improbable that more than a few per cent of 
the sites reactivated by 2-PAM could have structures signif- 
cantly dissimilar to the active site. The results obtained after 
2-PAM reactivation of an enzyme preparation (specific activity, 
1.2) were of the same magnitude as the results obtained on the 
highly purified preparation (specific activity, 7.2), which had 
not been previously saturated with the inhibitor and reactivated 
with 2-PAM. Therefore, the highly purified preparation did 
not have any inhibitor-binding groups that were significantly 
different in structure from the active site. If a nonspecific 
binding of inhibitor is postulated in the interpretation of these 
results, it must be a binding at a group very similar in structural 
organization to the active site. 

Investigations of the turnover number previously reported 
have been based on the concentration of inhibitor required to 
produce 100% inhibition. Although it had been demonstrated 
that the inhibition did not increase in a manner proportional to 
the increments of TEPP and diisopropylfluorophosphate added 
but fell off at the higher levels (14), it was assumed that the 
amount of bound inhibitor would be equivalent to the number 
of active sites. Michel and Krop (5) did measure the concen- 
tration of inhibitor bound at less then 100% inhibition and 
their results would indicate that less radioactive phosphorus 
was bound at the lower levels of inhibition than would have 
been expected from the amounts required to produce higher 
levels of inhibition (Table III). However, the value reported 
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was heavily weighted on the side of the inhibitor concentration 
required to give a 100% inhibition and was 2.1 x 10-!° moles of 
diisopropylfluorophosphate bound per unit of activity. The 
turnover number was calculated to be 4.9 X 105 moles of sub- 
strate hydrolyzed per minute per mole of active sites and the 
turnover time was 123 yuseconds. 

Cohen and Warringa (4) found a turnover number of 2.95 x 
10° moles for acetylcholinesterase from red cells. The calculated 
turnover time would be 203 useconds. Acetylcholinesterase 
preparations from different sources may have different turnover 
numbers. The value was obtained under conditions of 100% 
inhibition and the assumption was made that butyrylcholine 
would protect specifically the active sites. The evidence cited 
for the assumption was derived from studies on enzyme prepa- 
rations with such low specific activities that a nonspecific bind- 
ing would have been difficult to measure. 

Serlin and Fluke (15) report a minimal molecular weight, that 
is, the molecular weight per active site, for an acetylcholinester- 
ase preparation from Electrophorus electricus. They exposed 
the preparation to electron, proton, and a-particle bombard- 
ment and related the rate of inactivation to the dose delivered. 
The minimal molecular weight found was 105,000, for which a 
turnover number of 7.21 x 10° moles and a turnover time of 
83.2 useconds can be calculated. During the time when the 
present studies were carried out, Dr. I. B. Wilson from this 
department devised a new method to evaluate the turnover 
number and turnover time. He arrived at a turnover time of 
79 useconds. The data are published simultaneously in this 
Journal (16). 

In summary, all of these studies on acetylcholinesterase ex- 
tracted from the electric organ gave a value for the turnover 
time of the order of 100 wseconds. Similar values were obtained 
in the present study with phospholine and TEPP® titration 
with or without 2-PAM reactivation. This was even true in the 
experiment in which an almost pure preparation was used for 
the first time. However, in all of these cases the enzyme ac- 
tivity had decreased below the original level either before it 
was used or in the course of the experiments. 

As evidence was obtained that the turnover time was influ- 
enced by the level of the enzyme activity, it became apparent 
that the experimentally determined values are too high. They 
should be corrected, therefore, to eliminate the additional bind- 
ing that occurred as the enzyme lost activity. It was postulated 
that the additional sites which reacted with the inhibitors were 
similar in structure to the active sites as they could be reacti- 
vated with 2-PAM and, therefore, they might be active sites 
that had a lower rate of acetylcholine hydrolysis. For the 
corrected value for the turnover time of 37 useconds, a minimal 
molecular weight of the order of 240,000 per active site can be 
calculated. In the preparation used, a portion of the enzyme 
seems to be present in the form of a polymer. The turnover 
number based on a mole of the polymer enzyme would be much 
larger than the reported value based on a mole of active site. 
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SUMMARY 


The turnover time of acetylcholinesterase extracted from the 
electric organ was determined on a purified preparation, which 
consisted of a single component by ultracentrifugal analysis, 
and on less purified preparations. The inhibition of enzyme 
activity by organophosphorus compounds was used for the 
evaluation of the turnover time. To avoid phosphorylation of 
groups which do not belong to the active site, the enzyme was 
first incubated with inhibitor, which was then displaced from 
the active site by pyridine-2-aldoxime methiodide. Thus, by 
titration of the active sites, the turnover time could be esti- 
mated. Two compounds were used: diethoxyphosphorylthio- 
choline and P-labeled tetraethylpyrophosphate. 

The value experimentally found for the virtually pure prepa- 
ration was of the order of 100 wseconds, in agreement with the 
previously published values for the turnover time of acetylcho- 
linesterase from this tissue. 

An unexpected difficulty was encountered. It was found that 
the amount of inhibition produced by any quantity of inhibitor 
decreased as the level of the enzyme activity decreased. If the 
turnover time values were corrected to the original level of 
enzyme activity, the values were much lower than those previ- 
ously reported. The corrected value obtained with P®*-labeled 
tetraethyl-pyrophosphate is 55 useconds, that obtained with 
diethoxyphosphorylthiocholine 37 yseconds. Possible explana- 
tions are discussed. Although it seems likely that the value is 
between 30 and 60 useconds, the correct value may be even 
lower. The several factors discussed do not permit an absolute 
evaluation. 
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Among known diphosphothiamine enzymes, a-carboxylases 
are unique in that free aldehyde is formed as the major end 
product of decarboxylation of an a-keto acid. All a-carboxylases 
also produce acetoin (acetylmethylcarbinol) as a secondary 
result of pyruvate decarboxylation. Purification studies of 
a-carboxylases from wheat germ (1), yeast (2, 3), and bacteria 
(4) confirm that in each case the same enzyme is concerned 
with decarboxylation of pyruvate to acetaldehyde and with 
condensation to acetoin. Diphosphothiamine and Mg** are 
cofactors for both reactions, and compounds which inhibit decar- 
boxylation inhibit acetoin synthesis to the same extent (1, 5). 

Model reactions, in which pyruvate is nonenzymatically 
decarboxylated in the presence of thiamine, lead to the formation 
of a-acetolactate; no free acetaldehyde is formed (6, 7). By 
contrast, acyloin condensation by a-carboxylases (acetoin 
synthesis) accounts for only a very small part of the pyruvate 
decarboxylated and does not involve the intermediary formation 
of a-acetolactate (3). A separate mechanism must, therefore, 
be involved for a-carboxylases, that differs, at least in part; from 
the reaction catalyzed by thiamine in the model system. A 
two-site mechanism is here proposed to explain the formation of 
free aldehydes from a-keto acids by a-carboxylases. Pre- 
liminary reports of some of this work have already appeared (8). 


EXPERIMENTAL PROCEDURE 


Yeast Enzyme—aA cell-free extract of bakers’ yeast was pre- 
pared by mixing a 450-g yeast cake (Fleischmann) with 800 g of 
0.2-mm diameter glass beads and 150 ml of water for 7 minutes 
in an ice-cooled Waring Blendor according to the procedure of 
Lamanna and Mallette (9). The glass beads were removed by 
suction filtration through glass wool. Unbroken cells and cell 
fragments were sedimented by centrifugation and the super- 
natant solution was stored at —20°. The activity of a-carboxyl- 
ase in this extract remained constant for several months. 

Reagents—Sodium salts of a-keto acids were prepared by 
bringing solutions of the acids to pH 5.0 with NaHCO; in the 
cold, followed by further adjustment to pH 6.0 with NaOH. 
Pyruvie acid was vacuum-distilled before neutralization. a- 
Ketobutyric acid, a-ketovaleric acid, and a-ketoisovaleric acid 
were obtained from Fluka Inc. DPT! was obtained from 
Nutritional Biochemicals Corporation. Trimethyl pyruvate 
was prepared by oxidation of pinacolone with alkaline KMnO, 
(10). Other chemicals were obtained commercially. Shortly 
before use, acetaldehyde was distilled from solid NasCOs3, suit- 
ably diluted with cold water, and adjusted to pH 6.0. 


* Aided by grants from the National Science Foundation. 
1 The following abbreviation is used: DPT, diphosphothiamine. 


Assays—CO, evolution was measured with the conventional 
Warburg manometric apparatus. In the enzymatic experi- 
ments, air was used as the gas phase, since no oxygen was taken 
up in control experiments in the presence of the various sub- 
strates employed. a-Keto acids were assayed by oxidation 
with ceric sulfate (11) as well as by complete decarboxylation by 
yeast carboxylase. The ratio of quantity of CO: obtained 
enzymatically to that obtained by ceric sulfate oxidation repre- 
sented the fraction of biologically active a-keto acid. This 
ratio was usually found to be greater than 0.9. Acetoin was 
assayed by the procedure of Westerfeld (12). When large 
quantities of acetaldehyde were present during the assay of 
acetoin, control assays with acetaldehyde alone were performed 
simultaneously to correct for small quantities of acetoin which 
form spontaneously in acetaldehyde solutions, especially when 
exposed to ultraviolet light (13, 14). Freshly distilled acetal- 
dehyde is generally free of acetoin. It has been reported that 
acetaldehyde inhibits color development in the Westerfeld 
procedure (7). All assays for acetoin reported in this paper 
were performed on samples containing less than 20 umoles of 
acetaldehyde, an amount of aldehyde which produces no inter- 
ference in the assay for acetoin. The presence of 40 moles 
and 100 umoles of acetaldehyde inhibits color formation in the 
Westerfeld test by 8% and 21%, respectively. Acetaldehyde 
was assayed after distillation according to the method of Stotz 
(15). When determining acetaldehyde in the presence of furfural, 
control solutions containing the amount of furfural present in 
the experimental reaction mixtures were distilled in an identical 
way and assayed. The small readings were then applied to cor- 
rect for the background color due to the presence of furfural. 

RESULTS 

Inhibition of Decarboxylation by Aldehydes—It has been 
known since the discovery of a-carboxylase in yeast by Neuberg 
and Karezag (16) that acetaldehyde inhibits the decarboxylation 
of pyruvate. It can be seen in Fig. 1 that the rate of CO; evolt- 
tion from pyruvate, in the presence of yeast carboxylase, rapidly 
decreases with time as acetaldehyde begins to accumulate. Ifa 
large excess of acetaldehyde is added initially, together with 
pyruvate, the rate of CO: evolution is considerably inhibited but 
remains essentially constant with time since newly formed acetal- 
dehyde does not alter appreciably the high initial acetaldehyde 
concentration. Furthermore, the linearity of CO, evolution 
with time in the inhibited system serves to demonstrate that 
acetaldehyde is inhibiting but not inactivating the enzyme. 
This fact has also been demonstrated by showing that activity 
could be restored by removal of acetaldehyde (17). 
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Other aldehydes also inhibit the decarboxylation of pyruvate 
as shown in Table I. 

The inhibition of decarboxylation by acetaldehyde does not 
appear to be competitive with pyruvate. For each concentration 
of pyruvate listed in Table IT, the rate of decarboxylation in the 
presence of an inhibiting concentration of acetaldehyde was 
compared with the uninhibited initial rate. It is evident that 
the percentage of inhibition is fairly constant over the range of 
pyruvate concentrations tested. 

In another experiment (Fig. 2) the formation of acetaldehyde 
was measured both in the presence and absence of 0.25 m furfural 
over a range of pyruvate concentrations within which pyruvate 
was rate-limiting. At this concentration of furfural, in the 
presence of saturation levels of pyruvate, decarboxylation is 
inhibited 75%. If furfural competes with pyruvate for the same 
enzymatic site, the presence of the aldehyde should make it 
necessary to use higher concentrations of pyruvate in order to 
saturate the enzyme in the inhibited system, thus resulting 
in an apparently higher Michaelis-Menten constant. The half- 
saturation values for pyruvate obtained from Fig. 2 are very 
similar in both the inhibited and uninhibited systems, again 
providing evidence for the substrate-independent nature of the 
inhibition of pyruvate decarboxylation by aldehydes. Sub- 
strate-independent inhibition of pyruvate decarboxylation by 
acetaldehyde has been reported for wheat germ carboxylase (18) 
as well as for yeast carboxylase (19). 

Relation of Acetoin Synthesis to Pyruvate Decarboxylation—In 
the presence of acetaldehyde, acetoin is formed during the 
decarboxylation of pyruvate by a-carboxylases. The maximal 
rate of formation of acetoin is approximately 149 the initial un- 
inhibited rate of pyruvate decarboxylation as determined with 
the yeast enzyme. For wheat germ a-carboxylase the rate of 
ormation of acetoin has been reported to be approximately é5 
he rate of pyruvate decarboxylation (1). In order to determine 
he concentration of acetaldehyde at which the yeast enzyme is 
aturated for acetoin synthesis, samples were taken at various 
imes during decarboxylation of pyruvate and the corresponding 
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Fig. 1. Effect of acetaldehyde on pyruvate decarboxylation. 
Each vessel contained 0.187 M potassium phosphate buffer, pH 
5.9, 1.3 X 10-* m DPT, 0.0026 m MgSOx, 0.125 m sodium pyruvate, 
and 0.02 ml of yeast enzyme; total volume, 1.6 ml. One of the 


vessels contained 0.0312 m acetaldehyde initially. Incubation 
was carried out in air at 30°. 
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TaB.e I 
Inhibition of yeast carboxylase by aldehydes 
Each vessel contained 0.0625 m potassium phosphate buffer, 
pH 5.6, 1.95 X 10-4 m DPT, 0.0026 m MgSO,, 0.125 m sodium pyru- 
vate, 0.0313 m aldehyde, and 0.02 ml of yeast enzyme in a total 
volume of 1.6 ml. Incubation was carried out for 15 minutes in 


air at 30°. Solutions of acidic aldehydes were adjusted to pH 6.0 
immediately before use. 
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TaBLe II 


Substrate-independent inhibition of pyruvate 
decarboxylation by acetaldehyde 

Each vessel contained 0.067 m potassium phosphate buffer, pH 
6.0, 6.9 X 10-5 m DPT, 0.0028 m MgSO,, and sodium pyruvate as 
indicated in a total volume of 1.5 ml. The inhibited mixtures 
each contained 0.113 m acetaldehyde and 0.02 ml of yeast enzyme 
and were incubated for 30 minutes, at which time 0.1 ml of 10 nN 
H.SO, was added from the side arms to stop the reactions and 
release any bound CO:. The CO: evolved was corrected for bound 
CO, in the components of the system by adding acid together 
with pyruvate in control vessels. The uninhibited mixtures, used 
to obtain initial rates, contained 0.0025 ml of yeast enzyme and 
were incubated for 15 minutes. At this time, 1.0 ml of 1.0 m Tris 
was added to each vessel and the acetaldehyde formed was re- 
moved by distillation. Incubation was carried out in air at 30°. 














Pyruvate concentration Per cent inhibition 
M 
0.029 78.3 
0.058 83.3 
0.116 79.0 
0.232 75.5 





CO; and acetoin were measured. The acetaldehyde formed was 
assumed to be equal to the COz evolved. It can be seen from 
Fig. 3 that the rate of production of acetoin increased with time 
until a maximal constant rate was reached at about 40 minutes. 
At this time the acetaldehyde concentration was computed as 
approximately 0.02 m. Thereafter, further increases in acetalde- 
hyde concentration had no effect on the rate of formation of 
acetoin. This contrasts with the continual decrease in the rate 
of CO: evolution due to progressive inhibition by increasing con- 
centrations of acetaldehyde as shown in Fig. 4. The K,, value 
for acetaldehyde was obtained by finding the point on the acetoin 
time curve (Fig. 3) at which a line having one-half the slope of the 
linear portion of the plot was tangent to the curve. This con- 
centration of acetaldehyde was computed as 5.2 X 10-* m. 
Since increasing concentrations of acetaldehyde continue to 
decrease the rate of decarboxylation of pyruvate, even after 
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Fic. 2. Effect of furfural on the concentration of pyruvate 
required to saturate yeast carboxylase. Each vessel contained 
0.0625 m potassium phosphate buffer, pH 6.0,6.5 X 10-5 m DPT, 
0.0026 m MgSO,, and sodium pyruvate as indicated; total volume, 
1.6 ml. The uninhibited mixtures contained 0.003 ml of yeast 
enzyme and were incubated for 15 minutes. The inhibited mix- 
tures contained 0.008 ml of yeast enzyme and 0.25 m furfural and 
were incubated for 30 minutes. Less than 10% of the pyruvate 
in each reaction flask was consumed. At the end of the reaction, 
1.0 ml of 1.0 m Tris was added to each vessel and the acetaldehyde 
formed was removed by distillation (15). Incubation was carried 
out in air at 30°. 
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Fig. 3. Acetoin and COz formation as a function of time. Each 


vessel contained 0.214 mM potassium phosphate buffer, pH 5.9, 
1.5 X 10-5 m DPT, 0.003 m MgSO,, 0.143 m sodium pyruvate, and 
0.04 ml of yeast enzyme; total volume, 1.4 ml. The reaction in 
each vessel was stopped by addition of 0.2 ml of 1.0 N H:SO, from 
the side arm. Incubation was carried out in air at 30°. 


levels of acetaldehyde sufficient to saturate for acetoin synthesis 
are reached, it was of interest to determine the effects of relatively 
high concentrations of acetaldehyde on decarboxylation and 
acetoin formation. The results of this study (Fig. 4) indicate 
that, although the rate of formation of acetoin remains constant 
over a wide range of acetaldehyde concentrations, the rate of 
CO, evolution falls rapidly and approaches the rate of synthesis 
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of acetoin for large acetaldehyde concentrations. The ratio of 
CO, to acetoin thus approaches 1.0 at high acetaldehyde levels, 
Similar results have also been reported by Dirscherl and Piitter 
(20). 

Effect of Acetaldehyde on Km Value for Pyruvate—Since high 
concentrations of acetaldehyde markedly inhibit pyruvate 
decarboxylation without affecting acetoin synthesis (Fig. 4), it is 
possible to select a concentration of acetaldehyde such that 
decarboxylation results in nearly an equivalent amount of acetoin 
synthesis. Under such circumstances, variations of the rate 
of acetoin synthesis as a function of pyruvate concentration 
should enable the determination of the K, value for pyru- 
vate for acetoin synthesis as distinguished from the K,, value 
for pyruvate for decarboxylation to acetaldehyde. The data 
in Table III show that these two K,, values for pyruvate are 
significantly different. The fact that the concentration of py- 
ruvate necessary to saturate the enzyme is less in the presence 
of acetaldehyde than in its absence provides a further demonstra- 
tion that acetaldehyde is not a competitive inhibitor for pyruvate 
decarboxylation. 

Effect of Acetaldehyde on Decarboxylation of Higher a-Keto 
Acids—It has long been known that a-carboxylases are not 
specific for pyruvate and readily decarboxylate other a-keto 
acids. Table IV shows the relative rates of decarboxylation of 
several a-keto acids tested in this laboratory. A more extensive 
series of a-keto acids has been tested by others (21-23). 

Evidence that the same enzyme is concerned with the de- 
carboxylation of different a-keto acids may be seen in Fig. 5, 
which shows that the rate of decarboxylation of a mixture of 
a-keto acids is not greater than the rate for a single a-keto acid. 
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Fig. 4. Effect of high concentrations of acetaldehyde on pyru- 
vate decarboxylation and acetoin synthesis. Each vessel con- 
tained 0.214 m potassium phosphate buffer, pH 5.9, 1.5 X 10° ™ 
DPT, 0.003 m MgSOx,, 0.143 m sodium pyruvate, acetaldehyde as 
indicated, and 0.1 ml of yeast enzyme; total volume, 1.4 ml. The 
reaction in each vessel was stopped by addition of 0.2 ml of 1.0 
N H.SO, from the side arm at a time when approximately 10 umoles 
of COz had been evolved. Incubation was carried out in air at 
30°. The values of CO:2 and acetoin plotted are the calculated 
micromoles per hour. 








Aug 


The 
a-ke 
diffe 
that 
strat 
deco’ 
The 
decal 
presé 
tion 
hibit: 
form 
poore 
the d 

Sir 
inhib 
the i 
effect 
carbo 
be se 


| decar 


in ink 
Ex 





tratio 
the c1 

tT 
conce! 
tion i 
Kn va 


Dec 
Eac 
buffer 
a-keto 
nl. J 





Pyruv 
a-Ket 
a-Ket 
a-Kets 
Trime 





* De 
ehzym 
inhibit 


10.8 


‘lo of 
2vels, 
‘litter 


high 
uvate 
), it is 
that 
cetoin 
> rate 
ration 
pyru- 
value 
» data 
te are 
of py- 
esence 
ynstra- 
ruvate 





a-Keto 
re not 
a-keto 
tion of 
tensive 


the de- 
Fig. 5, 
ture of 
to acid. 


MOLES / HOUR 





} on pyru- 
essel con- 
x 10° Mu 
dehyde as 
ml. The 
‘ml of 1.0 
10 pmoles 
t in air at 
calculated 





XUM 


August 1961 


The fact that the initial rates of decarboxylation of pyruvate and 
a-ketobutyrate are very similar (Fig. 5), taken together with the 
different K,, values for these substrates (Table III), indicates 
that there are differences in the equilibrium of each of the sub- 
strates with the enzyme-substrate complex, the rate constants for 
decomposition of the complex to products being very much alike. 
The shapes of the curves in Fig. 5 show that a-ketobutyrate is 
decarboxylated preferentially to pyruvate when both acids are 
present simultaneously in equal concentrations. Decarboxyla- 
tion of pyruvate, had it occurred, would have resulted in in- 
hibition due to acetaldehyde accumulation. Propionaldehyde, 
formed from the decarboxylation of a-ketobutyrate, is an even 
poorer inhibitor of the decarboxylation of this acid than it is for 
the decarboxylation of pyruvate (Table I). 

Since acetaldehyde is a strong although not a competitive 
inhibitor of pyruvate decarboxylation, it was of interest to study 
the inhibitory effects of aldehydes on other a-keto acids. The 
effect of varying concentrations of acetaldehyde on the de- 
carboxylation of several a-keto acids is shown in Fig. 6. It can 
be seen that acetaldehyde is a less effective inhibitor for the 


| decarboxylation of higher a-keto acids, and is almost ineffective 


in inhibiting the decarboxylation of a-ketoisovaleric acid. 
Except for the case of pyruvate, the aldehydes derived from 


TaB.Le III 
Kn values for pyruvate and a-ketobutyrate 
The test conditions were the same as those described in Fig. 2. 











Substrate* ae ae | Km 
} 
RUIN crs ea sssattay cheteiat a Acetaldehyde | 0. ost 
Pyruvate + furfural............ Acetaldehyde | 0.010f 
Pyruvate + acetaldehydef...... Acetoin | 0.0015 
a-Ketobutyrate................. Propionaldehyde | 0.005 





* Less than 10% of the limiting substrate was used to form the 
measured end product. 

+ These K,, values were obtained by determining the concen- 
trations of pyruvate necessary to obtain half maximal rates with 
the curves of Fig. 2. 

tThe concentration of acetaldehyde was 0.216 m. At this 
concentration, with pyruvate in excess, the rate of decarboxyla- 
tion is approximately twice the rate of acetoin synthesis. The 
K, value was determined by use of a Lineweaver-Burk plot. 


TaBLe IV 
Decarboxylation of various a-keto acids by yeast carboxylase 
Each reaction flask contained 0.187 m potassium phosphate 
buffer, pH 5.9, 1.3 X 10-4 m DPT, 0.0026 m MgSO,, 0.125 m sodium 
a-keto acid, and 0.02 ml of yeast enzyme in a total volume of 1.6 
ml. Incubation was carried out for 10 minutes in air at 30°. 
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*Decarboxylation could not be detected with 35 times more 
tazyme. A concentration of 0.125 m trimethyl pyruvate did not 
inhibit the decarboxylation of 0.03 m pyruvate. 
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Fia. 5. Decarboxylation of pyruvate and a-ketobutyrate alone 
and together. Each vessel contained 0.187 m potassium phosphate 
buffer, pH 5.9, 1.3 X 10-4 m DPT, 0.0026 m MgSO,, 0.0313 m sodium 
pyruvate or 0.0313 m sodium a-ketobutyrate, or 0.0313 m sodium 
pyruvate and 0.0313 m a-ketobutyrate, and 0.02 ml of yeast enzyme; 
total volume, 1.6 ml. Incubation was carried out in air at 30°. 
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Fic. 6. Inhibition of a-keto acid decarboxylation by acetal- 
dehyde. Each vessel contained 0.214 m potassium phosphate 
buffer, pH 5.9, 1.5 X 10-'m DPT, 0.003 m MgSO,, 0.143 m sodium 
a-keto acid, acetaldehyde as indicated, and 0.02 ml of yeast enzyme; 
total volume, 1.4 ml. Reactions were stopped by the addition 
of 0.2 ml of 1.0 n H2SO, from the side arms when approximately 4 
umoles of COz had been evolved. Incubation was carried out in 
air at 30°. 
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decarboxylation of a-keto acids are exceedingly poor inhibitors of 
decarboxylation of the corresponding a-keto acids. 
Nonenzymatic Decarboxylation of a-Keto Acids—Decarboxyla- 
tion of pyruvate in model systems containing thiamine and re- 
lated compounds has been studied fairly extensively (6, 7, 24- 
29). In the light of recent evidence concerning the nature of the 
aldehyde-thiamine intermediate of this reaction (25, 30) and its 
significance for enzymatic decarboxylation (30-32), a comparison 
has been made of the decarboxylation of several a-keto acids in 
the model and enzymatic systems. The results of this study for 
the model decarboxylations are given in Table V. The relative 
rates of decarboxylation of the various a-keto acids show a re- 
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markable resemblance to the corresponding relative rates of DISCUSSION shou! 
decarboxylation found in the enzymatic system (Table IV). With 
The result showing an exceedingly small amount of acetaldehyde Previous theories explaining the mode of action of a-carboxy]. satur 
trapped during decarboxylation of pyruvate (Table V) is con- ase (1, 33, 34) cannot account for the results for yeast carboxylase | gone 
sistent with the findings of other workers, i.e. that free acetalde- presented in this paper. These findings may be interpreted jp | satur 
hyde is not formed during pyruvate decarboxylation in the model terms of a mechanism involving two enzymatic sites for the maxi 
system (6, 7). decarboxylation of pyruvate. A simplified outline for this theory | ence 
; is presented in Fig. 7. The attachment of pyruvate to Site 1 of | decal 

TABLE \ the enzyme is shown in Step A. In the light of recent studies | synt! 

Nonenzymatic decarboxylation of various a-keto concerned with the mechanism of thiamine-catalyzed decar. syste 

acids catalyzed by thiamine boxylations of a-keto acids (25, 35) it seems probable that boxy 


Each reaction tube contained 0.08 m sodium borate buffer, 0.02 bonding with the a-carbon of pyruvate takes place at position 2 that 
M thiamine-HCl, and 0.16 m sodium a-keto acid with a final pH of the thiazole ring of DPT. This is followed by decarboxylation vary’ 
90; ‘ al vy > 95 bati ras carrie . ; Saal Ses A 
of oSane a total volume of 25 ml. Incubation W as carried out which loaves on aldehyde unit still firmly bound to the enzyme of th 
at 50° for 5 hours with continuous gassing with 100% Ne. Alde- ae : Mihm 

; , , surface (Step B), presumably as a-hydroxyethy! thiamine | the 

hydes removed by gassing were trapped in 4 ml. of cold 2% ae” gee ; 
pyrophosphate-enzyme complex (30). This complex is most 





NaHSO;. Control reaction tubes lacking either thiamine or é : : : ane , comfy 
a-keto acid were included for each a-keto acid studied. likely identical with the so-called “active” or “nascent acetalde- | and. 
_ hyde”’ postulated by earlier workers (36). ‘‘Active aldehyde” js expel 
ee, then irreversibly transferred to Site 2 as indicated in Step C. It | decor 
om point o ; . 
en Aldehyde Co, Recap > Acetoint | Aldehyde is postulated that once the aldehyde unit becomes attached to | the 
: trapped* bitin ig (I ormed by . : z . : 

evolution decarboxyl. the second site it can reversibly dissociate from the enzyme none 

" ti ° 2 rm p . 
sic to yield free acetaldehyde. Other DPT enzymes, for which | const 
nt otein seinen ‘active acetaldehyde” is believed to be the first intermediate in | the ¢ 
— .....| 0.025 38.0 | 100 19.0 20 .2° the degradation of pyruvate, are assumed to lack the equivalent | getio 
a-Ketobutyric.......| 0.24 28.0) 73.8 495° of the second site indicated in these diagrams and do not, there- | gego) 
a-Ketovaleric....... 0.16 25.7 67.7 75.7° fore, produce free acetaldehyde to any extent. If it is assumed __ jg cor 
a-Ketoisovaleric..... 13.8 36.3 63.5° that enzymatic as well as nonenzymatic decarboxylations in- of ac 
Trimethyl pyruvic 0 0 75° volving DPT or thiamine, respectively, utilize essentially the | here 
: aE Se — ae : same mechanism; it cannot be possible that some enzymes simply | jnhib 

* Each aldehyde was determined by comparison with standards a ; . ? 

vf : ae ’ allow direct release of acetaldehyde whereas others do not. mech 

made up of this aldehyde. Corrections for small amounts of ‘ : 
: : : =e In the presence of acetaldehyde, the rate of CO: evolution He 

aldehyde trapped in the controls, which lacked either thiamine or f ‘s inhibited | . Z ny ‘ally bl 
a-keto acid, were subtracted from the values obtained when both !70™ pyruvate 1s inhi biter ecause Site 2 Is partia 7 ked with 
components were present. - (Step D). Such a partial block does not permit the rapid | of by 
4 4 4 > 4 « “J > 7 66, , ] y « 7 >? 5 > —j « ar ; . 

+ CO» was determined manometrically at 50° with 0.6 volume of _ transfer of “‘active aldehyde’ from Site / to Site 2, a reaction highe 
reaction mixtures (1.5 ml) used in the gassing experiments. Con- that must occur before the dissociation of the aldehyde from the | there 
trols lacking either thiamine or a-keto acid were included foreach enzyme. According to this scheme, acetaldehyde and pyruvate | phate 


a-keto acid. For each experimental flask, as well as for the con- become attached to the enzyme at different sites, thus accounting phat 
trols, 0.1 ml of 10 N H2SO, was added initially from the side arm, for the lack of competitive inhibition of pyruvate decarboxyla- leads 
and also in a duplicate flask after 5 hours. The data obtained tion by acetaldehyde (Table II). 
were used to calculate the net evolution of CO, due to a-keto acid : 
decarboxylation. The values listed have been calculated for 2.5 


nons: 
In the presence of both pyruvate and acetaldehyde, acetoin i comy 
ml to compare with results from the gassing experiments. formed. Tas reaction is illusteated is Pg. 7 vp m. 59 tulat 

t a-Acetolactate formed was all decarboxylated to acetoin when cording to the two-site theory, “active acetaldehyde” at Site 1 it It 
Sho aeletlews were ealdiiie’ tafere encer. directly bonded to free acetaldehyde to form acetoin. The firs, | jphib 
, site is implicated in acetoin synthesis because DPT is required | plex 
and blocking the second site with acetaldehyde (Fig. 7, Step D) | theo 
does not inhibit the rate of acetoin synthesis over a rather wide | Qj; 
range of acetaldehyde concentrations which do progressively | Site 
inhibit pyruvate decarboxylation (Fig. 4). The inability of the | ith 
enzyme to transfer aldehyde from Site 2 back to Site / explains | and, 
the finding that acetaldehyde alone will not lead to the formation | thes 
of acetoin with yeast carboxylase. This step may, however, be | The 
reversible for the a-carboxylases from wheat germ and bacteria | an 
since acetaldehyde alone in relatively high concentrations can earbe 
suffice for acetoin synthesis with these enzymes (1, 4). For} there 
these enzymes, however, the reversal of the reaction from Site! ] comy 











oi to Site 2 does not appear to be a very rapid reaction because the comy 

— | | rate of acetoin synthesis from pyruvate plus acetaldehyde is at By 

™_ least 4 times greater than the corresponding rate with acetalde- } deca, 

ACETOIN hyde alone (1). | resul 

If two enzymatic sites are involved in the decarboxylation of} The 

Fic. 7. Outline of a two-site mechanism for a-carboxylase pyruvate, blocking the second site partially with a lacta 
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should make the over-all reaction rate-limiting at this site. 
With such a blocked enzyme it should, therefore, be possible to 
saturate Site 7 with “‘active acetaldehyde” by using a smaller 
concentration of pyruvate than would normally be necessary to 
saturate that site in order to permit the enzyme to function at its 
maximal rate. It has been shown (Table IIT) that in the pres- 
ence of a concentration of acetaldehyde sufficient to inhibit 
decarboxylation approximately 95%, without inhibiting acetoin 
synthesis, the K,, value for pyruvate in the acetoin-synthesizing 
system is zo the K,, value for pyruvate as measured by decar- 
boxylation in an uninhibited reaction. It should be emphasized 
that different K,, values obtained with a given substrate under 
varying conditions do not necessarily imply different affinities 
of the enzyme for the substrate. Since K,, values depend upon 
the rate constant for decomposition of the enzyme-substrate 
complex to products as well as the rate constants for formation 
and decomposition back to substrate of this complex (37), any 
experimental condition which affects only the rate constant for 
decomposition to products will result in an altered K,, value. In 
the experiment just described the presence of acetaldehyde, a 
noncompetitive inhibitor for pyruvate, cannot affect the rate 
constants for formation and decomposition back to substrate of 
the enzyme-substrate complex. It must, in fact, be the unique 
action of this inhibitor in affecting the rate constant for the 
decomposition of the enzyme-substrate complex to products that 
is concerned with the change of K,, value obtained in the presence 
of acetaldehyde (Table III). It may be of interest to mention 
here that the stimulus to check the K,, value for pyruvate in the 
inhibited system came from a consideration of the two-site 
mechanism which predicted the actual result obtained. 

Holzer et al. (38) have reported that the K,, value for pyruvate 
with yeast carboxylase is a function of the type and concentration 
of buffer used. Higher concentrations of phosphate resulted in 
higher K,, values. At saturating levels of pyruvate, however, 
there was no inhibition of decarboxylation, regardless of phos- 
phate concentration. These authors suggest that perhaps phos- 
phate and pyruvate can occupy the same enzymatic site, which 
leads to competitive inhibition of pyruvate decarboxylation at 
nonsaturating levels of pyruvate. This would be equivalent to 
competitive inhibition at the first site in the mechanism pos- 
tulated above. 

It has been shown (Fig. 6) that acetaldehyde is a less potent 
inhibitor of the decarboxylation of a-keto acids more com- 
plex in structure than pyruvate. According to the two-site 
theory just discussed, it would appear that acetaldehyde at Site 
2is more readily displaced by higher aldehydes originating from 
Site 1, or that perhaps aldehyde-DPT complexes of aldehydes 
with chain lengths greater than 2 carbons are relatively unstable 
and decompose spontaneously, thus avoiding the requirement for 
the second site during the decarboxylation of higher a-keto acids. 
The fact that increasing concentrations of acetaldehyde result in 
an apparent maximal, but not complete, inhibition of the de- 
carboxylation of higher a-keto acids (Fig. 6) may indicate that 
there is a fixed rate of spontaneous breakdown of aldehyde-DPT 
complexes which cannot be inhibited even when the second site is 
completely blocked. 

By contrast with the action of a-carboxylase, the nonenzymatic 
decarboxylation of pyruvate catalyzed by thiamine does not 
result in the formation of free acetaldehyde (6, 7), (Table V). 
The sole product of the decarboxylation appears to be a-aceto- 
lactate, and the lack of synthesis of acetoin indicates that 
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acetaldehyde could not have been formed and immediately re- 
moved by condensation with “active acetaldehyde.” The model 
system may be considered to be lacking the second site present 
in a-carboxylase. If aldehyde-DPT complexes of higher alde- 
hydes are more unstable than acetaldehyde-DPT, it might be 
expected that the corresponding thiamine complexes would be- 
have similarly in the nonenzymatic system. The results in Table 
V show that significantly more aldehyde could be gassed out of 
reaction mixtures containing a-ketobutyrate and a-ketovalerate 
than was possible when pyruvate was present, in spite of the fact 
that the longer-chain aldehydes have higher boiling points than 
acetaldehyde. Metzler et al. (7) have shown that acetaldehyde 
is approximately 16 times more effective than pyruvate as an 
acceptor of thiamine-complexed acetaldehyde. It is, therefore, 
reasonable to expect that most of the free aldehydes formed in the 
experiments with higher keto acids were condensed before they 
could be removed by aeration. a-Hydroxyethyl thiamine has 
been shown to be a stable compound (7, 30). By contrast, 
Breslow reports that attempts to use a postulated benzaldehyde- 
thiazole intermediate (3,4 - dimethyl - 2 - (a@ - hydroxybenzy)) - 
thiazolium iodide) for the nonenzymatic synthesis of benzoin were 
not successful because the intermediate was unstable; it de- 
composed to benzaldehyde and 3,4-dimethyl thiazolium iodide 
under very mild conditions (25). 

It has been shown that under anaerobic conditions pyruvic 
oxidase resembles the model system with thiamine in that, 
racemic a-acetolactate is formed from pyruvate by the enzyme 
(39). The synthesis of a small amount of acetoin has been shown 
to be due to a slow liberation of free acetaldehyde catalyzed by 
pyruvic oxidase (39). It is possible, therefore, that even the 
acetaldehyde-DPT complex is not completely stable. 

In their studies of acetoin synthesis from pyruvate and 
acetaldehyde by wheat germ a-carboxylase, Singer and Pensky 
(1) report half-saturation values for each of the substrates when 
the other was presumably present in excess. A careful evalua- 
tion of their data in the light of the great similarity of the wheat 
germ and yeast enzymes makes it appear quite certain that these 
values are in considerable error. During variation of each 
substrate in the presence of a fixed concentration of the other, 
aceton synthesis, but not CO. evolution, was measured. It 
seems certain that when the pyruvate concentrations were 
lowered, all the pyruvate was used up; some of it went to form 
acetoin and the remainder was decarboxylated to acetaldehyde. 
In the case in which acetaldehyde concentration was varied in the 
presence of pyruvate, low levels of acetaldehyde would have 
permitted decarboxylation of pyruvate to take place at increased 
uninhibited rates and thus deplete the pyruvate supply, which 
was relatively low in this experiment. The K, values for 
pyruvate and acetaldehyde for acetoin synthesis as determined in 
this laboratory (Table III, discussion of Fig. 3) are not subject 
to the criticism of substrate depletion during test periods. 

All the enzymatic experiments reported above were performed 
with a crude yeast carboxylase preparation. It is considered 
that this procedure is justified since several studies on the purifi- 
cation of a-carboxylases (1-4) have all demonstrated clearly that 
the ratio of CO, to acetoin is constant throughout purification 
and is the same in crude as in the most highly purified fractions. 
For the case of wheat germ carboxylase (1), the specific activity 
of the purest fraction was 2,700 times that of the crude prepara- 
tion. It is, therefore, fairly certain that acetoin synthesis and 
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a-keto acid decarboxylation are both associated with the same 
enzyme, a-carboxylase. 


SUMMARY 


1. The inhibition of pyruvate decarboxylation with yeast 
carboxylase by acetaldehyde is substrate-independent. 

2. At an acetaldehyde concentration of 0.02 m the rate of 
acetoin synthesis is maximal in the presence of excess pyruvate. 
Further increases in acetaldehyde concentration progressively 
inhibit the rate of decarboxylation to acetaldehyde without af- 
fecting the rate of acetoin synthesis. The ratio of carbon 
dioxide to acetoin approaches 1.0 with increasing acetaldehyde 
concentrations, which indicates complete inhibition of acetalde- 
hyde production with no corresponding inhibition of acetoin 
synthesis. 

3. The K,, value for pyruvate for acetoin synthesis in the 
presence of an acetaldehyde concentration that inhibits decar- 
boxylation 95% is 7p the corresponding K, value for pyruvate 
for decarboxylation to acetaldehyde. 

4. The inhibitory effect of acetaldehyde on decarboxylation 
decreases with increasing chain length of the substrate. 

5. The data obtained for yeast carboxylase have been in- 
terpreted in terms of a two-site mechanism. At the first site, 
pyruvate is decarboxylated to an aldehyde-diphosphothiamine 
complex. The aldehyde moiety is then irreversibly transferred 
to the second site, where reversible dissociation to free aldehyde 
takes place. Acetoin synthesis is postulated to involve con- 
densation of free acetaldehyde with acetaldehyde at the first site, 
independent of whether the second site is or is not blocked with 
acetaldehyde. 

6. Results of studies of the nonenzymatic decarboxylation of a 
series of a-keto acids, as catalyzed by thiamine in alkaline solu- 
tion, are consistent with the results of similar experiments with 
yeast carboxylase. These findings indicate that aldehyde- 
diphosphothiamine complexes of aldehydes with chain lengths 
greater than acetaldehyde are relatively unstable and decompose 
spontaneously to free aldehydes, thus avoiding the requirement 
for the second enzymatic site. 
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Retinene reductase, an enzyme which catalyzes the diphos- 
phopyridine nucleotide-dependent reduction of vitamin A alde- 
hyde (retinene) to vitamin A alcohol, was first demonstrated 
with homogenates of frog and cattle retinas (1, 2). Because 
crude rabbit liver extracts (3) and crystalline horse liver alcohol 
dehydrogenase (4) catalyze the oxidation of vitamin A into 
retinene, the general involvement of alcohol dehydrogenase in 
this interconversion was suggested (3, 4). However, little direct 
evidence supports this suggestion. Whereas horse liver alcohol 
dehydrogenase acts on many alcohols (5, 6), yeast alcohol de- 
hydrogenase does not oxidize vitamin A (4). In addition, 
neither retinene reductase nor alcohol dehydrogenase has been 
purified from tissues of the rat, the species most used for nu- 
tritional studies on vitamin A. 

In view of the oxidation of vitamin A to retinene in the retina, 
and of the possible role of retinene as a product of 8-carotene 
cleavage in the intestine (7), a detailed study of retinene reduc- 
tion in the rat was undertaken. The present paper deals with 
the uptake of intracardially administered radioactive retinene by 
tissues of the rat, the development of a reliable assay system for 
retinene reduction, the preparation of a stable retinene reductase 
from rat liver, and a comparison of acetaldehyde and retinene 
reduction by this enzyme preparation under a variety of condi- 
tions. The same enzyme of rat liver seemingly acts on both 
substrates, but its activity on retinene and acetaldehyde is 
affected differently by salts and detergents. 


EXPERIMENTAL PROCEDURE 


Methods and Materials 


Preparation of Retinene—Vitamin A (Distillation Products 
Industries) was oxidized to retinene by shaking a hexane solution 
of vitamin A in the dark in the presence of activated MnQz (8). 
The retinene was then isolated by chromatography on deacti- 
vated alumina (9). Radioactive retinene was prepared from 
6,7-C'-vitamin A (Hoffman, LaRoche, and Company, Basel, 
Switzerland) and chromatographed in the same manner. The 
chromatographic solvent (1% acetone in hexane) was evaporated 
under vacuum, the retinene was dissolved in pure hexane, and 
its purity and concentration were determined spectrophoto- 
metrically. 

Aqueous retinene solutions were prepared by evaporating the 


* Part of this work comprised the thesis portion of a Master of 
Science degree by Mr. Richard D. Zachman at the University of 
Florida. This investigation was supported by a grant-in-aid 
(A-1278) from the Committee on Arthritis and Metabolic Diseases 
of the United States Public Health Service. 


hexane, redissolving the retinene in acetone, adding the desired 
amount of Tween-80 (polyoxyethylene sorbitan mono-oleate, 
obtained from the Atlas Powder Company), evaporating the 
acetone, and finally adding water or buffer to the viscous residue. 
This mixture was well stirred until the solution was clear. All 
evaporations were carried out under nitrogen at 24-40°. All 
solvents had recently been distilled and dried. Calculating from 
the Ei%, value of 1690 (10) exhibited by hexane solutions of 
retinene, aqueous retinene solutions prepared with Tween-80 in 
the present experiments gave E}%, values near 1400 at Amax 383 
my which is in good agreement with the value Ei%, = 1450 at 
Amax 381 my in ethanol (10). Stock solutions for use in the 
standard retinene reductase assay contained 1.45 x 10-4 m 
retinene and 1.86 X 10-3 m Tween-80 (0.25%, volume for vol- 
ume). 

Solutions of retinene in hexane remain stable for periods up to 
1 month when stored in the dark at —10°. However, all aqueous 
solutions used in this investigation were prepared fresh for each 
experiment, and were kept cold in the dark until used. 

Other Chemicals—Other major compounds used and their 
commercial sources are as follows: DPNH (Sigma Chemical 
Company), DPN (Pabst Laboratories), and crystalline horse 
liver alcohol dehydrogenase (Worthington Biochemical Corpora- 
tion). Salt and buffer solutions were made from analytical 
grade reagents. 

Extraction and Separation of Vitamin A Derivatives from 
Tissues—Total lipids in the organs of rats injected intracardially 
with C!*-retinene were extracted with chloroform-methanol ac- 
cording to the method of Folch et al. (11). For each tissue 
extracted, 3 ml of hexane containing 350 ug of retinene, 350 ug 
of 8-carotene, 350 ug of vitamin A, and 1,000 ug of vitamin A 
palmitate were added to the organic phase before homogeniza- 
tion. The lipid extract in hexane was chromatographed on de- 
activated alumina and characterized further by described meth- 
ods (9). Aliquots of the chromatographic fractions were plated 
as infinitely thin samples and counted in a gas flow, windowless, 
Geiger-Miiller counter. 

Preparation of Crude Enzyme—A liver obtained from a rat 
anesthetized with ether or sodium 5-ethyl-5-(1-methylbutyl)- 
barbiturate (Nembutal) was rapidly perfused with a solution 
containing 0.15 m NaCl, 0.005 m sodium phosphate, and 0.005 
M citrate, pH 7.4, and then homogenized in a Waring Blendor 
with 30 ml of 0.01 m sodium phosphate buffer, pH 7.4, for ap- 
proximately 2 minutes. If the liver is not perfused, the large 
absorption of light at 410 mu by hemoglobin in the enzyme 
preparation necessitates the use of a wide slit width in the en- 
zymatic assays described below. Livers frozen for periods of up 


2309 





2310 


TaBLeE [ 


Ammonium sulfate fractionation of rat liver homogenate 














Ethanol Retinene 
oxidation reduction 
Fraction Protein — 
«| Specific «Specific 
—_— activ- — activ- 
y | ity y ity 
mg units units 
First supernatant. . 1040 1645 | 1.58 852 | 0.82 
Supernatant (38% saturation) 675 | 1360 | 2.01 | 1411 | 2.09 
Precipitate (38% saturation) . . 0 | 53 
Supernatant (72% saturation) . 0 | 0 
Precipitate (38 to 72% satura- 
tion)... 1207 | 2.43 | 1046 | 2.10 
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to 2 months retained nearly all the retinene-reducing activity of 
fresh livers. The homogenate was centrifuged in a Servall, 
SS-1 angle centrifuge at 13,300 x g for 25 to 30 minutes at 4° 
and the precipitate was discarded. 

Powdered ammonium sulfate (21.18 g per 100 ml of solution) 
was added slowly to the supernatant solution over a period of 
10 to 15 minutes with mechanical stirring, to bring the solution 
to 38% saturation. A few drops of 0.1 Nn NaOH were added to 
maintain a pH of 7.2. After standing for 15 minutes, the sus- 
pension was centrifuged at 7,700 x g for 15 minutes and the 
precipitate was discarded. Similarly, the supernatant fluid 
was brought to approximately 72% saturation by adding another 
21.18 g of ammonium sulfate for each 100 ml of this solution. 
The mixture was centrifuged, the precipitate was dissolved in 
0.01 m sodium phosphate buffer, pH 7.2, and the solution was 
adjusted back to pH 7.2 if necessary. This solution will be 
referred to as the 38 to 72% enzyme preparation. All the above 
procedures were carried out at 0-4°. The enzyme activities 
were measured by the methods given below and protein was 
determined by the biuret reaction. 

The summary in Table I shows that nearly all the alcohol 
dehydrogenase and retinene reductase activities were found in 
the final 38 to 72% preparation. The 38 to 72% enzyme prep- 
aration was used for all studies reported in this paper, unless 
noted otherwise. 

Determination of Particle Weight of Tween-80 Micelles—Sedi- 
mentation constants were determined for various concentrations 
of Tween-80 in 0.01 m sodium phosphate buffer solution, pH 6, 
and in 0.01 m NaH.PO,-0.3 m NaCl solution, pH 6, both in the 
presence and absence of retinene. All sedimentation constants 
were corrected to zero concentration of Tween-80 and to sedimen- 
tation in water at 20°. The partial specific volume of Tween-80 
was determined pycnometrically (12) and the value obtained 
from six independent experiments was 0.906, with a standard de- 
viation of +0.025. This value was the same in either 0.01 m 
sodium phosphate or 0.01 m NaH2PO,-0.3 m NaCl solution, pH 6. 

Diffusion coefficients were evaluated from the sedimentation 
velocity measurements according to the method of Fujita (13). 
Inasmuch as the diffusion coefficient is small, Fujita’s method 
should be applicable to standard cell runs (13). Indeed, the 
diffusion coefficient calculated from two synthetic boundary runs 
was similar to that obtained from experiments with the standard 
cell. In the synthetic boundary cells, a small amount (probably 
<5%) of material exhibited flotation. This was not surprising 
in view of the known heterogeneity of Tween preparations.! In 


1 EF. E. Kenyon, personal communication. 


Retinene Reductase and Alcohol Dehydrogenase of Rat Liver 


Vol. 236, No. 8 | 


eleven of thirteen cases, the relevant plots were linear, which | 
indicates that the diffusion coefficient did not change appreciably 
with time (13). a 
After calculation of the diffusion coefficient (D), the anhydrous 
particle weight was determined by the classical equation (14): 


b sRT 
Ly. =; 
DQ — Pp) 

A Spinco model E ultracentrifuge was used at 59,780 r.p.m, 
(259,700 x g) with a rotor temperature of 20°. Pictures were 
taken at 32- or 16-minute intervals and five to ten pictures were 
taken during each run. 


Enzyme Assays 


Retinene Reductase Assay—Dalziel’s method of assaying alco. 
hol dehydrogenase (15) was modified for use with retinene re- 
ductase. Under properly selected experimental conditions, 
1/t;, where t; is the time in seconds required for the retinene 
concentration to decrease to half its initial value, was directly 
proportional to the enzyme concentration over a 20-fold range, 
The assumptions involved in the derivation of this relationship 
(16-18) were validated experimentally, 7.e. 10-* m DPNH sat- 
urated the enzyme, and neither 3 X 10-° m vitamin A nor 
3 X 10-4m DPN inhibited retinene reduction. 

The following standard assay was used in all subsequent work: 
0.15 ml of 6.0 * 10-3 m DPNH, pH 6.0, and 0.5 ml of 1.45 x 
10-4 M aqueous retinene solution were placed in a 1 cm wide 
cuvette with 2.15 ml of 0.01 m sodium phosphate buffer, pH 6.0. 
At zero time, 0.2 ml of an enzyme preparation, pH 7.2, was 
added to give a final volume of 3 ml and a pH of 6.1 to 6.2. The 
reaction mixture was immediately stirred and the time for the 
optical density to read $ its original value at 410 my was noted. 
The optical density readings were made in a Beckman model 
DU spectrophotometer, whose reaction chamber was maintained 
at 28° with thermospacers. <A control tube contained DPNH, 
Tween-80, buffer, and enzyme, but no retinene. One unit of 
retinene-reducing activity is defined as that amount of enzyme 
which gives a 1/t; value of 10-* per second in the standard assay. 

Alcohol Dehydrogenase Assay with Ethanol as Substrate—The 
method of Dalziel (15) was used. One unit of ethanol-oxidizing 
activity is defined as that amount of enzyme which gives an 
optical density change of 0.200 in 1,000 seconds at 340 mp 
(1/to.p.0.2 = 107% per second). 

Alcohol Dehydrogenase Assay with Acetaldehyde as Substrate— 
The reaction mixture consisted of 3 X 10-3 m acetaldehyde and 
1.4 X 10-*m DPNH in 0.01 m sodium phosphate buffer, pH 6.0. | 
The time in seconds required for oxidation of } the DPNH | 
originally present was measured at 340 muy, and the activity 
was expressed in reciprocal seconds as in the retinene assay. 





RESULTS 





Metabolism of C'*-Retinene in Vivo—Retinene, injected by 
heart puncture, is readily removed from the blood by the tissues 
and converted to vitamin A ester (Table IID). Of the organs 
examined, the liver contained most of the radioactivity, the 
intestine and kidney had much less, and the testes were nearly 
devoid of C. Vitamin A ester was the predominant form in 
the liver and intestine, whereas vitamin A alcohol was the major | 
form in kidney, in keeping with the observations of others (19). | 
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After 14 hours, radioactive retinene still predominated in the 
blood. 

Some Characteristics of Retinene Reductase System of Rat Liver— 
The pH optimum of retinene reductase in 0.33 m NaCl was 5.9 
(Fig. 1). The K,, value for retinene was found to lie in the 
range of 2.2 to 2.9 X 10-4. The approximate K,, value for 
DPNH was 1.8 X 10-5 m. The Michaelis constants were de- 
termined under standard assay conditions with no addition of 
NaCl, and a constant Tween-80-enzyme ratio was maintained 
in all cases. 

Stability of Retinene Reductase and Alcohol Dehydrogenase of 
Rat Liver—The stability of the ethanol-oxidizing and retinene- 
reducing activities was affected similarily by pH upon storage at 
% for 3 hours (Fig. 2). In both cases, the amount of activity 


TaBLeE II 
Uptake of blood-borne C14-retinene by rat tissues 

In each of three experiments, C'4-retinene (75,000 to 80,000 
¢.p.m. in approximately 90 ug) in 0.5 ml of solution consisting of 
0.15 m NaCl, 0.01 m sodium phosphate buffer, pH 7.4, and 0.01 
ml of Tween-80 was introduced by a heart puncture into an 18- 
hour fasted normal rat weighing approximately 340 g. At the in- 
dicated times, the animals were killed and the tissues were ana- 
lyzed as described in the text. 



































Distribution of radioactivity 
sever. | Experi- 
— meatal Organs extracted ae | “—e 
ed Miter | mecinnen | Vipela| Polar, 
| = ——— 
| Ars | | c.p.m. c.p.m. 
1 4 | Liver | 3,300 | 1,490 200 590 
2 13 | Liver 18,530 | 1,560 210 400 
| Intestine 420 140 220 710 
| Kidney 140 | 70 400 80 
| Testes | 60 | 20 30 
| Blood (5 ml) 60 | 142 80 | 120 
3 54 | Liver 22,470 | 1,310 420 480 
| Intestine | 300 160 90 80 
| | Kidney 160 7 500 140 
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Fic. 1. pH Optimum of retinene reductase. The standard 
assay was used, except that 0.33 m NaCl was present and the pH 
value was varied. The pH value did not change measurably 
during the reaction. 
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Fic. 2. Effect of storage at various hydrogen ion concentrations 
on enzyme stability. A comparison was made of the ethanol oxi- 
dation and retinene reduction activities of the 38 to 72% rat liver 
enzyme preparation after it was maintained at various pH values 
for 3 hours at 2°, brought back to pH 7.2, and assayed on the two 
substrates at 28° in the usual manner. 
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Fic. 3. Effect of incubation at 53° on enzyme stability. A 
comparison was made of ethanol oxidation and retinene reduction 
by the 38 to 72% liver enzyme preparation maintained at 53° for 
the indicated periods. All assays were made at 28° in the usual 
manner. 


remaining was 80 to 100% at pH 7.2, 10 to 30% at pH 6.0, and 
<10% at lower pH values. The presence of (NH,)2SO, during 
storage had no effect on the inactivation rate. Dialysis at 4° 
against 0.01 m sodium phosphate buffer at pH 7.3: or at pH 6.0 
caused losses in both activities similar to those given above. 
Cysteine or magnesium did not reactivate dialyzed preparations. 

Incubation of the 38 to 72% enzyme preparation for 10 min- 
utes at 25, 35, and 40° did not diminish either activity. At 53°, 
the rates of ethanol oxidation and retinene reduction were af- 
fected in a parallel manner (Fig. 3). 

Enzyme Fractionation—Upon fractionation of a rat liver ho- 
mogenate with (NH,)SOu,, retinene-reducing and ethanol-oxidiz- 
ing activities appeared in the same fraction (Table I). After 
precipitation with acetone, both activities were found in the 
35 to 54% precipitate. Neither ethanol-oxidizing nor retinene- 
reducing activity adhered to a DEAE-cellulose? column equi- 


*The abbreviation used is: DEAE-cellulose, diethylamino- 
ethyl-cellulose. 
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Fie. 4. Effect of salt on dialyzed rat liver enzyme activity. 
x——x——*X, retinene reduction; ©----- ©----- ©, ethanol oxi- 
dation; D----- O----- O; acetaldehyde reduction. Standard assays 
were used in the presence of the salts and ionic strengths indicated 
in the figure. The pH value of all solutions was carefully con- 
trolled. 
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Fic. 5. Effect of Tween-80 on enzyme activity. O—— 
©O——O, acetaldehyde reduction by 38 to 72% rat liver enzyme; 
OoO——O——D, acetaldehyde reduction by crystalline horse liver 
alcohol dehydrogenase; ©----- ©----- ©, retinene reduction by 38 
to 72% rat liver enzyme; 0----- O----- O, retinene reduction by 
crystalline horse liver alcohol dehydrogenase. The assays were 
conducted in the presence of the indicated Tween-80 concentra- 
tions. 


TaBLeE III 
Determination of particle weight of Tween-80 micelles in 0.01 mu 
sodium phosphate, pH 6.0 





| \Calculated 





Addition S|) ce ag eee 
é | | weight 
% | | 
ee 1.0 | 0.107 | 2.05 | 5.12 | 103,000 
pee ee 0.8 | 5.53 | 95,500 
NaCl, 0.3 M...... 1.0 | 0.100 | 1.89 | 5.25 | 103,000 
NaCl, 0.3 M........ - | 0.3 | | 6.21 | 88,500 
Retinene, 2.4 X 10-5 m......| 1.0 | 0.086 | 2.08 | 7.08 | 80,000 
Retinene, 2.4 X 10-5 ..... 0.3 | 5.18 | 108,000 
Retinene, 6.0 X 10-4 m......, 1.0 | 0.120 | 2.13 | 4.49 | 120,000 
Retinene, 4.2 X 107‘ Mm. 0.7 4.55 | 119,000 
Retinene, 1.8 X 10-*M......| 0.3 | 4.28 | 126,000 
Retinene, 6.0 X 10-4 m-NaCl, | | 
ee ceseseeees++| 1.0] 0.091 | 2.03 | 4.29 | 135,000 
Retinene, 4.2 X 10-4 m-NaCl,| | 
ick mecca cee. | 0.7 | 4.29 | 135,000 





* kis a function of the effect of concentration on sedimentation 
rate, and is defined in (13). 
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librated with 0.01 m sodium phosphate buffer, pH 7.4. A 38 to 
72% enzyme preparation, which was still active after exhaustive 
dialysis against water, was inactivated when placed on a DEAR. 
cellulose column equilibrated with water. No activity appeared 
in the initial eluate nor in any subsequent fraction. Only alcoho] | 
dehydrogenase activity, however, was investigated in this ex. 
periment. Moore and Lee (20) have also found that rat liver 
alcohol dehydrogenase was not absorbed on DEAE-cellulose 
equilibrated with 0.005 m Tris-phosphate buffer, pH 8. 

Effects of Salts—Retinene reduction by the 38 to 72% rat liver 
enzyme was stimulated in the presence of NaCl and (NH,).S0, 
On the other hand, ethanol oxidation and acetaldehyde reduction 
were inhibited by these salts (Fig. 4). CaCle, KCl, and NaBr 
at an ionic strength of 0.33 also stimulated retinene reduction 
1.5 to 2-fold, but inhibited acetaldehyde reduction 80 to 100%. 
The activity of crystalline horse liver alcohol dehydrogenase was 
inhibited similarily by salts when acetaldehyde was the substrate, 
but not when retinene was used. 

Effects of Detergents—Tween-80 strongly inhibited retinene 
reduction both by the 38 to 72% rat liver enzyme preparation 
and by crystalline horse liver alcohol dehydrogenase (Fig. 5), 
However, similar Tween-80 concentrations did not inhibit acetal- 
dehyde reduction by either enzyme preparation at acetaldehyde 
concentrations of either 3 X 10-5 m or 3 X 10-3 M. 

When ethanol was used as the substrate, the rat liver enzyme 
activity was also unaffected by Tween-80. Sodium laury] sulfate 
had the same effect on the system; namely, an increase in the 
sodium lauryl sulfate concentration from 0.135 mg per ml to 
1.83 mg per ml inhibited retinene reduction 90 to 100%, but had 
no influence on the rate of ethanol oxidation. 

Studies on Physical Chemistry of Tween-8O Micelles—The re- 
sults obtained from the ultracentrifugal studies on Tween-80 
particles are shown in Table III. The anhydrous particle 
weight is near 100,C00. Some increase in size may occur in the 
presence of higher concentrations of retinene, but no appreciable 
change in particle size occurred in the presence of 0.3 m NaCl. 





DISCUSSION 


Under the experimental condition imposed in this investiga- 
tion, the liver was evidently the major organ involved in the 
removal of retinene from the blood and in its conversion to vita- 
min A ester. Relatively large amounts of radioactive retinene 
and vitamin A ester appeared in the liver within 10 minutes, 
over 25% of the injected dose was found there after 14 and 5} 
hours, and an analysis of blood showed that retinene was still the 
major radioactive component of plasma after 1} hours. In 
addition, rat liver homogenates actively catalyzed the reduction | 
of retinene into vitamin A. 

The properties of the crude rat liver retinene reductase and of 
crystalline horse liver alcohol dehydrogenase are somewhat 
similar: the rat liver enzyme has a pH optimum of 5.9, a Kn 
value for retinene at pH 6 of 2.2 to 2.9 x 10-4 M, and a K, 
value for DPNH at pH 6.0 of approximately 1.8 x 10°, 
whereas crystalline horse liver aleohol dehydrogenase has a pi 
optimum of pH 6.8 to 7.0 for acetaldehyde (16), a K,, value for | 
acetaldehyde at pH 6.0 of 4.1 X 10-4 m (18) and a K,, value for 
DPNH at pH 6.0 of 4 to7 X 10-* M (18). 

On the basis of most of the stability and fractionation studies, 
a single enzyme of rat liver appears to be responsible for both 
the retinene and ethanol activities. Equivalent effects on the 
two activities were produced by storage and dialysis at different 
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hydrogen ion concentrations and by incubation at various tem- 
peratures. In addition, the activities appeared together on 
fractionation with ammonium sulfate and acetone, and behaved 
similarly on columns of DEAE-cellulose. On the other hand, 
salts and detergents affected the two activities of the rat liver 
preparation differently (Figs. 4 and 5). The increase in the 
ratio of the specific activity of retinene reductase to that of al- 
cohol dehydrogenase during ammonium sulfate fractionation is 
in keeping with the observed effects of ammonium sulfate on 
these activities. Interestingly, the reduction of retinene and 
acetaldehyde by crystalline horse liver alcohol dehydrogenase 
was also influenced differentially by these agents. Because horse 
liver alcohol dehydrogenase is in all probability a single protein 
enzyme, the presence of two enzymes in the rat liver preparation 
need not be postulated. If a single enzyme of rat liver is re- 
sponsible for both retinene and acetaldehyde reduction, the 
differential effects of salts and detergents must be explained in 
terms of their influence on substrate dispersion, or on substrate- 
enzyme interaction. 

The effect of detergents on enzyme activity may be correlated 
with the physical properties of the micelle. With the exception 
of a small fraction which flotated, Tween-80 micelles sediment 
in a monodisperse manner. The calculated particle weight of 
micelles consisting of a retinene-Tween-80 ratio equal to that 
used in the standard retinene reductase assay is 120,000 to 125,000. 
Because the molecular weight of Tween-80 is approximately 
1,450 6 to 7 retinene molecules would be associated with each 
micelle. If association of a retinene-bearing micelle with an 
enzyme leads to the reduction of more than 1 retinene molecule 
before the complex dissociates, the rate of reduction would be 
slowed by decreasing the number of retinene molecules per micelle 
(ie. increasing the detergent concentration). In addition, if the 
detergent principally affects the dispersion of the substrates 
rather than the enzyme, then detergents should not inhibit the 
reduction of a water-soluble substrate, such as acetaldehyde. 
These possibilities are in accord with the observed effects of 
Tween-80 on retinene and acetaldehyde reduction. 

Sodium chloride inhibits acetaldehyde reduction by crystalline 
horse liver aicohol dehydrogenase (18). Although acetaldehyde 
reduction by the rat liver enzyme was similarly depressed, salts 
stimulated the rate of retinene reduction by the rat liver enzyme. 
An attempt was made to correlate the effects of salts on enzyme 
activity with the dispersion of the micellar substrate. Although 
inorganic salts increase the size of ionic micelles (21), they have 
no apparent effect on the micelle size of nonionic detergents. 
Sodium chloride does not influence the particle size of Triton 
X-100 (22), and in the present investigation, no definite change 
in the particle size of Tween-80 micelles was observed in the 
presence of 0.8 m NaCl. Elucidation of the stimulating effect 
of salt on retinene reduction requires further study. 


SUMMARY 


1. After the intracardial injection of C'*-retinene into rats, 


approximately 25% of the radioactivity appears in the liver 


within 1 to 5 hours, largely in the form of vitamin A ester. 
2. A new assay system for retinene reductase was developed, 
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and the enzyme was purified 2- to 3-fold from rat liver. The 
pH optimum of the 38 to 72% rat liver preparation is 5.9, and 
the Michaelis constants are 2.2 to 2.9 x 10‘ for retinene and 
1.8 X 10-5 om for reduced diphosphopyridine nucleotide. 

3. Storage and dialysis at different hydrogen ion concentrations, 
incubation at various temperatures, and fractionation by several 
methods affected retinene-reducing and ethanol-oxidizing ac- 
tivities of rat liver in a similar manner. 

4. Inorganic salts stimulated retinene reduction by the crude 
rat liver enzyme, but inhibited acetaldehyde reduction by both 
the rat liver and crystalline horse liver enzymes. With both 
enzyme preparations, Tween-80 and sodium lauryl sulfate in- 
hibited retinene-reducing activity, but had little or no effect on 
acetaldehyde reduction or ethanol oxidation. 

5. The anhydrous particle weight of Tween-80 micelles at pH 
6 and 20° was 80,000 to 135,000 under various conditions. 

6. The possibility is discussed that salts and detergents have 
different effects on enzyme activity as a result of their influence 
on the dispersion of the hydrophobic substrate, retinene, or on 
the association of the micelle with the enzyme. 
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The Chromatographic Separation and Recovery of Reduced 
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Despite the availability of many excellent analytical proce- 
dures, no convenient method has been described for the separa- 
tion and isolation of small amounts of the oxidized and reduced 
pyridine nucleotides from mixtures. This surprising situation 
became apparent when we were faced with the problem of pre- 
paring a micromole of pure tritium-labeled reduced triphospho- 
pyridine nucleotide for use in stereochemical studies related to 
folate metabolism. 

This communication describes a method which makes possible 
the separation and quantitative recovery of diphosphopyridine 
nucleotide, reduced diphosphopyridine nucleotide, triphospho- 
pyridine nucleotide, and reduced triphosphopyridine nucleotide 
from diethylaminoethyl-cellulose columns. Quantities of the 
order of 1 umole or less can be manipulated with ease. The 
method has been used for the preparation of enzymatically re- 
duced triphosphopyridine nucleotide labeled with tritium. 


EXPERIMENTAL PROCEDURE 


Materials 


Chemicals were obtained from the following sources. Glu- 
cose 6-phosphate, 6-phosphogluconic acid, and folic acid were 
obtained from the California Corporation for Biochemical Re- 
search; DPN, DPNH, TPN, TPNH, and glycylglycine from 
Sigma; diethylaminoethyl-cellulose, type 40, 0.8 meq of binding 
sites per g, from the Brown Company, Berlin, New Hampshire; 
and acetaldehyde from Eastman. Glucose 6-phosphate labeled 
with H* at carbon 1 was generously supplied by Dr. John M. 
Lowenstein, Brandeis University. Dihydrofolic acid was pre- 
pared by reduction with dithionite (1): Enzymes were obtained 
from the following sources. Glucose 6-phosphate dehydrogen- 
ase was obtained from the California Corporation for Biochemi- 
cal Research and yeast alcohol dehydrogenase from Worthing- 
ton. 6-Phosphogluconic acid dehydrogenase was purified from 
brewer’s bottom yeast supplied by the Haffenreffer Brewing 
Company, Boston (2). Dihydrofolic acid reductase was par- 
tially purified from chicken liver (3). Tritium analyses reported 
in this paper were obtained by use of a Packard Tri-Carb liquid 
scintillation counter. 


RESULTS 


Fig. 1 shows the profile obtained by elution of DPN, DPNH, 
TPN, and TPNH in this order from a diethylaminoethy]-cellu- 


* Supported in part by grants from the National Science Foun- 
dation and the United States Public Health Service. 


lose column with increasing concentrations of NaCl. Despite 
a slight overlap between DPNH and TPN, the separation was 
sufficiently sharp as to allow recovery of over 90% of each of 
these components. The nucleotide in each peak, located by 
its absorbancy at 260 mu, was further identified by (a) its ab- 
sorbaney at 340 mu, which indicated whether it was reduced 
or not, and (6) its action as a coenzyme in specific enzymatic 
tests. DPN and DPNH were characterized by the use of aleo- 
hol dehydrogenase (6), TPN by the use of glucose 6-phosphate 
dehydrogenase (2), and TPNH by the use of dihydrofolate re- 
ductase (3).! In each peak the concentration of the nucleotide 
based on absorbancy at 260 my agreed with the value obtained 
by enzymatic assay. Recoveries of the four nucleotides added 
to the column were essentially quantitative, ranging from 88 to 
100%. 

Separation of TPNH, Glucose 6-Phosphate, and 6-Phospho- 
gluconate—Because reduced TPN can be easily prepared by 
reaction of glucose 6-phosphate, glucose 6-phosphate dehydro- 
genase, and TPN (2), a simple chromatographic procedure was 
sought which would provide a good separation of TPNH from 
the phosphorylated hexoses. This was achieved by linear 
gradient elution (4) of these substances from a diethylamino- 
ethyl-cellulose column. A typical elution profile is shown in 
Fig. 2. The recovery of TPNH was essentially complete, 95% 
of theory. Any unreacted TPN, not present in this experi- 
ment, would be cleanly separated from TPNH under these con- 
ditions because the elution procedure is essentially similar to 
that described in Fig. 1. 

Preparation of Enzymatically Reduced TPN Labeled with 
Tritiwum—The chromatographic procedure for separating TPNH 
from the phosphorylated hexoses made possible the preparation 
and isolation of small amounts of reduced TPN highly labeled 
with tritium. The description of a typical preparation follows. 
A mixture consisting of 0.10 umole of glucose 6-phosphate-1-H’, 
0.15 umole of TPN, 0.01 ml of glucose 6-phosphate dehydro- 
genase, 25 uwmoles of MgCle, and 12.5 umoles of glycylglycine, 
pH 7.5, in a total volume of 1 ml, was incubated for 20 minutes 
at room temperature. The reaction was complete as indicated 
by the increase of absorbancy at 340 mu. To the reaction mix- 
ture, cooled to 0°, were added 2.0 umoles each of glucose 6-phos 
phate and 6-phosphogluconate and 1.9 umoles of unlabeled 
TPNH, as well as 190 wmoles of glycylglycine, pH 7.5; water 
was added to a total volume of 20 ml. 


1 The use of dihydrofolic acid reductase for the TPNH assay was 








one of expediency inasmuch as this enzyme was available in the | 


laboratory. A more common assay would involve the use of 


t Postdoctoral Fellow of the United States Public Health TPNH-cytochrome c reductase or TPNH-glutathione reductase 
Service. (6). 
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Fic. 1. Separation of DPN, DPNH, TPN, and TPNH on 
DEAE-cellulose. A DEAE-cellulose column, 1 X 5 cm, was first 
washed with 1 liter of water and then with 1 liter of 0.01 m glycyl- 
glycine buffer, pH 7.5. A mixture consisting of 1 umole each of 
DPN, DPNH, TPN, and TPNH in 10 ml of 0.01 m glycylglycine 
buffer, pH 7.5, was poured through the column. The adsorbed 
nucleotides were separated by concave gradient elution with NaCl 
(4) as follows. The reservoir chamber (a 250-ml Erlenmeyer 
flask) and mixing chamber (a cylinder with outside diameter of 7 
em) were placed at the same horizontal level and connected by a 
side arm at the base of each vessel. Hydrostatic equilibrium was 
achieved by pouring a solution of 8 g of NaCl in 235 ml of 0.01 m 
glycylglycine buffer, pH 7.5, into the reservoir and 200 ml of 0.01 
M glycylglycine buffer, pH 7.5, into the mixing chamber. The 
height of liquid in each vessel was 7.5 cm; the outside diameters of 
the Erlenmeyer flask were 4.6 cm at liquid level and 8.0 cm at the 
base. Two-milliliter fractions were collected at the rate of one 
tube every 80 seconds. All operations were performed in a cold 
room at 4°. The absorbancy of each tube was determined at 260 
muand 340 mp. Ina control experiment, chloride was determined 
in fractions collected directly from the gradient supply by the 
method of Schales and Schales (5). 


The procedure described in Fig. 2 was then followed to iso- 
late the TPNH. As shown in Fig. 3, the radioactivity corre- 
sponds to the eluted TPNH peak determined by 340 my ab- 
sorbancy. This constant specific activity is a criterion of 
purity of the fraction.” 

Concentration of TPNH from Dilute Solution—Fractions from 
a previous chromatographic separation containing a total of 1.2 
umoles of TPNH in 20 ml were pooled, diluted 10-fold with 
0.01 m glycylglycine buffer, pH 7.5, and then poured into a 
column of diethylaminoethyl-cellulose, 0.5 x 3 cm, previously 
washed with 500 ml of H.O and 500 ml of 0.01 m glycylglycine 


* The glucose 6-phosphate peak also contained tritium whereas 
the product of the reaction, phosphogluconate, did not. This 
finding deserves further investigation. It may represent radio- 
contamination of the sample of glucose 6-phosphate-1-tritium 
with another very closely related tritiated phosphorylated hexose. 
One possibility is that because of mutarotation only the a form of 
glucose 6-phosphate transferred tritium to TPN and not the 8 
form. Dr. Irwin A. Rose, Yale University, suggested to us that 
our tritiated sample of glucose 6-phosphate may have been con- 
taminated with tritiated fructose 6-phosphate. When this pos- 
sibility was examined by chromatography of our original sample 
of glucose 6-phosphate-1-H? with carrier amounts of glucose 
6-phosphate and fructose 6-phosphate according to the borate 
elution procedure of Khym and Cohn (7), 75% of the radioactivity 
was recovered in the glucose 6-phosphate peak and 17% in the 
fructose 6-phosphate peak. 


TUBE NUMBER 


Fig. 2. Separation of TPNH, glucose 6-phosphate, and 6-phos- 
phogluconate on DEAE-cellulose. A mixture consisting of 1 
umole each of TPNH, glucose 6-phosphate, and 6-phosphoglucon- 
ate in 20 ml of 0.01 m glycylglycine buffer, pH 7.5, was poured 
through a DEAE-cellulose column (1 X 9 em) washed as described 
in Fig. 1. Reservoir and mixing chambers consisted of two iden- 
tical cylinders (outside diameter, 7 cm) connected at the same 
horizontal level by a side arm at the base of each vessel. The 
reservoir contained 4 g of NaCl in 100 ml of 0.01 m glycylglycine 
buffer, pH 7.5, and the mixing chamber contained 100 ml of the 
same buffer without salt. This arrangement provides an es- 
sentially linear gradient of NaCl; strict linearity is not attained 
owing to the difference in densities of the two solutions (4). Frac- 
tions of 2.6 ml were collected at a flow rate of 1 ml per min. All 
operations were performed in a cold room at 4°. TPNH was 
detected by its absorbancy at 340 my and further identified by use 
of dihydrofolate reductase (3); glucose 6-phosphate, by use of 
glucose 6-phosphate dehydrogenase plus TPN (2); and 6-phospho- 
gluconate by use of yeast 6-phosphogluconate dehydrogenase plus 
TPN (2). 
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TUBE NUMBER 


Fic. 3. Correlation of absorbancy and tritium content in TPNH 
isolated by column chromatography. Tritiated TPNH, prepared 
as described in text, was isolated by the procedure described in 
Fig. 2. Because volume per tube in this experiment, ranging from 
1.5 to 2.0 ml, was not controlled as carefully as in Fig. 2, the radio- 
active TPNH did not appear in the same tube fraction as indicated 
in Fig. 2; however, in this experiment, in Fig. 2, and in another 
similar chromatographic run, TPNH appeared reproducibly when 
approximately 120 ml of eluate had been collected. TPNH was 
estimated by absorbancy at 340 my. Fifty-microliter aliquots 
were taken from each tube, diluted to 18 ml with 12% methanol- 
toluene liquid scintillation solution, and counted with an efficiency 
of 8.49%. 
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buffer, pH 7.5. The adsorbed TPNH was eluted with 0.01 m 
glycylglycine buffer containing 2% NaCl. Fractions (1 ml) 
were collected manually. Eighty per cent of the TPNH was 
recovered in tubes 4, 5, and 6, giving in this case a 7-fold con- 
centration. Presumably, further concentration could be ac- 
complished if desired by applying the barium-alcohol precipita- 
ion method (8) to the concentrated TPNH fractions. 


DISCUSSION 


Sensitive fluorometric procedures make possible the estima- 
tion of the coenzymes in amounts as low as 10-* moles (6, 9-11); 
however, existing methods for the isolation of these compounds 
are laborious and usually require relatively large amounts of 
the pyridine nucleotides (8, 12). Published procedures involve 
adsorption and elution from charcoal (13), precipitation from 
alcoholic solutions with barium (14), and separation on ion ex- 
change resins (15, 16). 

DPN and TPN have been separated by paper electrophoresis 
(17, 18). In these procedures the nucleotides were not re- 
covered. Burton and San Pietro (19) have described a proce- 
dure for the separation of the oxidized and reduced forms of 
both DPN and TPN by paper chromatography. Although the 
oxidized forms were quantitatively eluted from the paper, only 
20% of the DPNH and none of the TPNH was recovered. 

No satisfactory procedure has been developed previously for 
isolating TPNH free from contaminating substrates after enzy- 
matic reduction (8, 20). By the chromatographic method de- 
scribed in this paper, TPNH was completely separated from its 
generating system. 

Inasmuch as all four pyridine nucleotide coenzymes can be 
separated in one run and recovered quantitatively, the procedure 
may be of benefit in a variety of biochemical problems. - For 
example, it is well suited for the preparation of small amounts 
of coenzymes stereospecifically labeled with tritium or deu- 
terium. 


SUMMARY 


A method has been developed for the separation of diphospho- 
pyridine nucleotide, reduced diphosphopyridine nucleotide, tri- 
phosphopyridine nucleotide, and reduced triphosphopyridine 
nucleotide by use of column chromatography with diethylamino- 
ethyl-cellulose. The four pyridine nucleotides can be quantita- 
tively recovered for use in various reactions. The fractions 
were assayed and found to be completely active enzymatically. 


Column Chromatography of Pyridine Nucleotides 
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Reduced triphosphopyridine nucleotide prepared by reduction 
with glucose 6-phosphate dehydrogenase was separated from 
glucose 6-phosphate and 6-phosphogluconate on diethylamino- 
ethyl-cellulose. Reduced triphosphopyridine nucleotide labeled 
with tritium was prepared and purified by these chromatographic 
procedures. 
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The purification and properties of the dihydrolipoyl de- 
hydrogenase component of the a-ketoglutaric dehydrogenase 
complex have been reported (1). The enzyme catalyzes the 
reversible oxidation of reduced diphosphopyridine nucleotide by 
lipoate or lipoamide (Equation1). The reaction is a model for the 
physiological reaction involving enzyme-bound lipoate. The 
enzyme is a flavoprotein and also catalyzes the diaphorase re- 


DPNH + Ht + (Y = DPNt + (Y 

Ss—S HS SH 
action or the oxidation of reduced diphosphopyridine nucleotide 
by artificial electron acceptors like ferricyanide or 2 ,6-dichloro- 
phenolindophenol (X) (Equation 2). It appears to be identical 
with Straub’s diaphorase (2, 3) based on its physical, spectral, 


DPNH + H*+ + X — DPNt + XH: (2) 


and catalytic properties (4,5). This paper deals with the 
mechanism of the enzyme reaction. Preliminary reports of this 
work have appeared previously (6-8). 


(1) 


EXPERIMENTAL PROCEDURE 


The flavoprotein was prepared by the disruption of the 
a-ketoglutaric dehydrogenase complex with trypsin and subse- 
quent fractionation with ammonium sulfate (1). p1-Dihy- 
drolipoamide was used as the substrate for the assay of dihy- 
drolipoyl dehydrogenase activity and dichlorophenolindophenol 
for the assay of diaphorase activity. All absorption spectra 
were obtained on a Cary model 14 M recording spectrophotom- 
eter. Electron spin resonance spectra were obtained on a 100-ke 
field modulation unit of Varian Associates with the kind help of 
Dr. B. Chance. Other methods including details of assay pro- 
cedures have been described previously (1, 4). 


RESULTS 


It was shown previously that the lipoic acid bound to the a- 
ketoglutaric dehydrogenase complex does not appear in the 
dihydrolipoyl dehydrogenase fraction when the complex is 
disrupted by trypsin digestion and fractionated (1). In an 
effort to obtain confirmatory evidence for the absence of lipoate 
in the enzyme, the effect of dithiol inhibitors such as arsenite and 
cadmium ion (9-11) was tested on the dihydrolipoyl dehy- 
drogenase and diaphorase activities of the flavoprotein. It was 
found that strong inhibition of lipoamide reduction resulted if 


* Present address, Department of Biology, Brandeis University, 
Waltham, Massachusetts. 


the enzyme was incubated before the assay with arsenite in the 
presence of the reducing substrate, DPNH (Table 1). However, 
the identical arsenite-treated reduced enzyme showed a striking 
increase in diaphorase activity. The greater the inhibition of 
dihydrolipoyl dehydrogenase activity, the greater was the activa- 
tion of diaphorase. Arsenite or DPNH alone were found to be 
consistently inert under these experimental conditions. Massey 
and Veeger (12) have claimed in a preliminary communication 
that incubation with DPNH alone activates diaphorase and is 
without effect on lipoate reduction. This difference in data re- 
mains to be resolved. The inhibition by arsenite was largely re- 
versed by a 3-fold excess of BAL! and only slightly reversed by a 
20-fold excess of cysteine. 

The requirement for DPNH for the potentiation of arsenite 
inhibition could not be replaced by DPN, TPNH, BAL, or any 
of several monosulfhydryl compounds. In this regard, this 
flavoprotein is different from the yeast aldehyde dehydrogenase 
which became sensitive to arsenite in the presence of mercap- 
toethanol (13). The specificity for DPNH would suggest that 
the arsenite-sensitive site is a component of the catalytic reac- 
tion sequences. Together with the greater reversibility in the 
presence of a dithiol, the results indicate that the new oxidation- 
reduction “prosthetic” group essential for lipoamide reduction but 
not for diaphorase activity is a disulfide which is reduced by 
DPNH to the corresponding dithiol. 

The conditions for demonstrating DPNH requirement when 
Cd** was the inhibitor (Table I) had to be controlled rigorously 
since Cd++, unlike arsenite at low concentrations, inhibited the 
dehydrogenase reaction even if it was added directly to the assay 
mixture without prior incubation (Fig. 1, Curve B). Further- 
more, Cdt++ added to the incubation mixture without DPNH 
inhibited the reaction if the dilution into the assay mixture did 
not take it below the concentration of 1 x 10-® m (Curve C). 
However, if DPNH was present together with Cd++ during the 
incubation, much lower concentrations sufficed to produce effec- 
tive inhibition (Curve A). 

The inhibition by Cd++ in the presence of DPNH was only 
65% reversed by a 20-fold excess of BAL and was 47% reversed 
by a 100-fold excess of cysteine (Table I). Since this concen- 
tration of cysteine had only 2.5 times more —SH than the BAL, 
the difference in the ability of mono- and of dithiols to reverse 
the inhibition was not nearly as striking as in the case of arsenite 
inhibition. 

1The abbreviations used are: BAL, 2,3-dimercaptopropanol; 


EDTA, ethylenediaminetetraacetate; ESR, electron spin reso- 
nance; and FMN, riboflavin 5’-phosphate. 
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TABLE I 
Effect of dithiol inhibitors on dihydrolipoyl dehydrogenase 

The mixtures containing 0.06 m phosphate, pH 7.3, 0.4 mg of al- 
bumin, 2.6 ug of dihydrolipoyl dehydrogenase diluted in serum al- 
bumin (1 mg per ml) solution and, as indicated, 0.15 mm DPNH, 
0.25 mM arsenite, and 0.025 mm cadmium chloride were incubated 
for 1 minute at 30° and transferred to an ice bath. To measure 
reversal of arsenite inhibition, 0.3 umole of BAL or 2.0 umoles of 
cysteine were added (final concentrations of 0.75 mm and 5 mM, 
respectively) before transfer to the ice bath. To measure reversal 
of cadmium inhibition, 0.2 umole of BAL or 1 umole of cysteine 
(0.5 mm and 2.5 mm, respectively, in mixture) were added under 
the same conditions. The final volume in each case was 0.4 ml. 
An aliquot of 0.02 ml of this mixture was added to 0.98 ml of the 
assay mixture (1). 


Dihydrolipoyl 


Additions dehydrogenase | 


Diaphorase 


AA xoms/min A Ha min 


None 0.183 0.025 
+ DPNH 0.172 0.021 
+ Arsenite 0.180 | 0.021 
+ DPNH + arsenite 0.032 0.056 
+ DPNH + arsenite + BAL. 0.120 
+ DPNH + arsenite + cysteine 0.073 
+ DPN* + arsenite 0.180 
CE POE AOR Or 0.151 0.069 
+ DPNH 0.149 0.058 
+ Cd** ; | 0.146 0.052 
+ DPNH + Cd** | 0.012 0.200 
+ DPNH + Cd*++ BAL....... 0.103 | 

0.079 


+ DPNH + Cd*** ecysteine.... 
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Fig. 1. Inhibition of dihydrolipoyl dehydrogenase by cadmium 
ion. For Curve A, the enzyme was incubated before the assay 
with 0.125 m phosphate buffer, pH 7.3, 0.2 mg of albumin, 0.03 
mm DPNH, and cadmium at the concentrations indicated in the 
abscissa in a total volume of 0.4 ml for 1 minute at 30° and then 
placed in an ice bath. An aliquot of 0.02 ml was added to 0.98 
ml of reaction mixture for the assay as in Table I. For Curve B, 
the enzyme was incubated with phosphate buffer and albumin 
only, and cadmium chloride was added to the final assay mixture 
at the indicated concentrations. It should be noted that the 
concentration of Cd** in the final assay mixture in the two experi- 
ments was not the same. For Curve C, the enzyme was incubated 
in the same manner as for Curve A except that no DPNH was pres- 
ent. 
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TaBLe II 
Effect of EDTA on Cd** inhibition of dihydrolipoyl dehydrogenase 
The incubation mixtures were the same as for Table I except 
that 0.1 mm cadmium chloride was used. After the reaction had 
been initiated, 2 umoles of EDTA were added to the reaction 
cuvette (final concentration, 2 mm) and the rate was followed for 
at least 5 minutes to discover any changes that might be produced. 
In succeeding experiments the addition of EDTA was followed by 
the further addition of 0.6 umole of BAL or 10 umoles of cysteine 
(final concentration, 0.6 mm or 10 mM, respectively). The effect 
of BAL or cysteine at the same concentration in the absence of 

EDT A is shown in the last two lines. 


Addition 





4A Homs/min 


0.324 


None 

+ DPNH + Cd*-.. 0.014 
+ DPNH + Cd** +E DTA. sn 0.018 
+ DPNH + Cd** + EDTA + BAL. ot aie 0.010 
+ DPNH + Cd**+ + EDTA + cysteine. . | 0.010 
+ DPNH + Cd** + cysteine. 0.060 
+ DPNH + Cdt* + BAL.............. 0.200 


TaB_e III 
Effect of EDTA on arsenite inhibition of dihydrolipoyl 
dehydrogenase 

These experiments were performed in exactly the same manner 
as those in Table I except that 2mm EDTA were used in place of 
albumin to stabilize the enzyme. The cysteine used here was 40 
mM and the BAL 2mm. These results may be compared directly 
to Table I. 








Addition ASA stomy/min 
I fol h og onstrate ieee 0.150 
+ DPNH 0.129 
+ Arsenite suas : 0.157 
+ DPN + arsenite... .........:... ere 0.020 
+ DPNH + arsenite + cysteine...... 0.020 
+ DPNH + arsenite + BAL..... 0.028 





Another strange complication in the use of cadmium ion was 
discovered when reversal of inhibition was attempted with EDTA. 
EDTA readily reversed the uncoupling effect of Cd+* on oxi- 
dative phosphorylation (11). With the dihydrolipoyl dehy- 
drogenase, however, EDTA did not reverse Cd++ inhibition 
(Table II). Further, after addition of EDTA, the inhibition 
could not be reversed even by a large excess of BAL or cysteine. 
When a similar experiment was carried out with the arsenite- 
inhibited enzyme, again no reversal was obtained. If EDTA 
was present in the incubation medium before the cadmium was 
added, the inhibition was prevented. On the other hand, EDTA 
did not prevent arsenite inhibition, and the inhibition obtained 
with arsenite in the presence of EDTA was completely irrevers- 
ible (Table III). No explanation for the effect of EDTA can 
be offered at the present time. However, the interference 
introduced by EDTA must be recognized in devising exper- 
ments to test the involvement of dithiols in enzyme reactions. 

The inhibition of lipoy! dehydrogenase activity by arsenite 
and Cd++ in the presence of DPNH is consistent with the 
hypothesis that the flavoprotein has a functional disulfide group 


which is reduced by DPNH to the corresponding dithiol capable 
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of binding the inhibitor. Evidence in support of the hypothesis 
isshown in Table IV. The flavoprotein preparations which were 
known to be better than 80% pure on the basis of flavin content 
(1) had an average of 2.24 moles of sulfhydryl groups per mole of 
FAD. When the enzyme was completely reduced by DPNH 
in a system in which the DPNH:DPN ratio was maintained 
infinitely high by regeneration of DPNH with alcohol and 
alcohol dehydrogenase in the presence of semicarbazide, the —SH 
content increased to 4.06 moles per mole of FAD. The observed 
difference (1.82 moles per mole of FAD) in —SH was remark- 
ably close to 2.0, considering the difficulties in the reproducible 
determination of the —SH (17) and the uncertainty of the molar 
extinction of the mercaptide of the enzyme —SH (15, 16). Both 
anaerobiosis and coupling with the alcohol dehydrogenase system 
were essential for maximal —SH appearance and reproducible 
results. Reduction in this manner almost completely bleached 
the enzyme in every experiment. Without the alcohol dehy- 
drogenase much of the yellow color remained (cf. next reaction). 

Effect of Dithiol Inhibitors on Spectra of Enzyme—The spectrum 
of dihydrolipoyl dehydrogenase shows a decrease in the 450- to 
500-mu region and a new peak around 530 my on reduction 
with DPNH (1, 3, 18) or reduced lipoate (1,18). Since the 530- 
mu peak was suspected to be due to an interaction between the 


TABLE IV 


Appearance of two —SH groups in dihydrolipoyl dehydrogenase 
on reduction with DPNH 





—SH*  |—SH (reduced)? 


Enzyme Protein used 

















preparation FAD FAD a‘ 
ae nmoles? a ee 
1 17.6 2.58 4.54 1.96 
2 28.1 2.63 4.16 1.53 
3 17.3 | 2.22 4.07 1.85 
4 19.3 | 1.52 3.48 1.96 
Average 2.24 4.06 1.82 
| 








* Sulfhydryl groups of unreduced dihydrolipoyl dehydrogenase 
were determined spectrophotometrically by titration with p-chlo- 
romercuribenzoate with a value of 7600 for the molar absorbancy 
index increment at 250 my (15, 16). The titrations were carried 
out in 1-em quartz cuvettes in 3.0 ml of 0.1 m phosphate buffer at 
pH 6.8. The values are expressed as moles of —SH per mole of 
enzyme-FAD. 

>The samples of dihydrolipoyl dehydrogenase were reduced in 
l-cm anaerobic quartz cuvettes with side arms containing 0.2 ml 
of 1 mm p-chloromercuribenzoate (an amount determined in pilot 
experiments to be sufficient to react with all of the —SH groups of 
the reduced enzyme). Nitrogen was bubbled for 1 minute 
through the reaction medium in the cuvette containing 21.4 um 
DPN, 0.178 mm semicarbazide, 1.78 ma ethanol, and 0.107 m phos- 
phate, pH 6.8 in 2.8 ml. The flavoprotein was then introduced 
followed by the addition of liver alcohol dehydrogenase. The 
cuvette was then alternately evacuated and flushed with nitrogen 
several times. After the initial reading of absorbancy was taken, 
the p-chloromercuribenzoate was tipped in and readings were 
taken at 5-minute intervals until it became constant (approxi- 
mately 30 minutes). The reference cuvette was treated in the 
same manner except that it did not contain the dihydrolipoyl de- 
hydrogenase. 

‘Reduced minus unreduced. 

¢ Nanomoles or millimicromoles (14). 


The protein is expressed 
on the basis of the FAD content. 
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Fic. 2. Effect of arsenite on the spectrum of the reduced dihy- 
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drolipoyl dehydrogenase. (a) Curve A is the spectrum of 2.4 mg 
of dihydrolipoyl dehydrogenase in 0.65 ml containing 0.04 m phos- 
phate buffer, pH 7.3. Curve B was obtained after the addition of 
1.2 uymoles of DPNH (final concentration of 1.7 mm). Curve C 
shows the spectrum after further addition of 0.3 ymole of arsenite 
(final concentration of 0.46 mm). The spectrum did not change 
even after 30 minutes. Curve D was obtained after the addition 
of approximately 1 mg of sodium dithionite to the same solution. 
Corrections have been made for the changes in volume after each 
addition; (6) Curve A is the spectrum of 2.4 mg of dihydrolipoyl 
dehydrogenase in 0.74 ml containing 0.06 mg of CoA, 4 mm cyste- 
ine, 0.034 m phosphate, pH 7.3, and2 mmMa-ketoglutarate. Curve B 
was obtained after the addition of 30 ug of a-ketoglutaric dehy- 
drogenase complex and Curve C after further addition of 2.0 zmoles 
of arsenite (to a concentration of 0.48 mm). Curve D shows the 
spectrum after reduction of the same solution with an excess of 
dithionite. In other experiments the Spectrum C remained con- 
stant for several hours. 


reduced flavin and the disulfide, the effect of arsenite and 
Cd++ on the spectrum of the reduced enzyme was examined. 

Fig. 2a shows that addition of arsenite anaerobically to the 
enzyme which had been previously reduced with DPNH (Curve 
B) resulted in immediate disappearance of the 530-my peak (as 
seen in Curve C) and further bleaching in the region of flavin 
absorption (450 to 500 my). If arsenite was added to the 
enzyme before the addition of DPNH, the spectrum obtained 
was identical to Curve C. The curve did not change on standing 
for several hours. Since addition of sodium dithionite further 
reduced the absorbancy in the 450- to 500-my region, it may be 
concluded that the reduction of the FAD by DPNH is not 
complete even when the dithiol group is blocked by arsenite. 
Addition of cadmium chloride (0.014 mm), in place of arsenite, 
produced changes in the spectrum which were identical in every 
way to the changes produced by arsenite. 

It is not possible to investigate directly the effect of dithiol 
inhibitors on the enzyme reduced with dihydrolipoate since the 
substrate itself would bind the inhibitors strongly. The reduc- 
tion of the flavoprotein by the lipoate which is tightly bound to 
a-ketoglutaric dehydrogenase complex would not introduce this 
difficulty since the latter enzyme is used in catalytic amounts 
far below the concentration of the inhibitor. The reaction used 
(Equation 1) has been discussed previously (1). 


a-Ketoglutarate + CoA + E-FAD — 


succinyl-CoA + E-FADH, + CO. 8) 
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Fig. 2b shows the effect of adding arsenite to the flavoprotein 
after it has been reduced in this manner. Again, the increased 
absorption at 530 my seen in the reduced enzyme (Curve B) was 
completely and immediately destroyed (Curve C). However, 
the 450- to 500-my absorption returned to that of the oxidized 
enzyme. The unidentified peak at 420 mu, produced by reduc- 
tion in this direction (1), was preserved by this treatment. The 
arsenite-binding site is again implicated in the appearance of the 
530-myu absorption. The 420-my absorption produced by 
reduction with dihydrolipoate is independent of this site. Ad- 
mittedly, the a-ketoglutaric dehydrogenase complex which re- 
duces the flavoprotein is itself inhibited by arsenite to the extent 
of approximately 70% under these conditions (10), but the 
remaining 30% of its activity should be sufficient to reduce the 
flavoprotein over a period of time if such a reduction were still 
possible. If cadmium is used instead of arsenite in the above 
reaction, the same changes are obtained but far more slowly. 
The reason for the decreased rate of spectral change in this 
particular instance may be related to binding of additional 
groups on either enzyme by Cd**. 

The results clearly indicate that the 530-my peak results from 
an interaction between the two oxidation-reduction groups on 
the enzyme, namely, FAD and the dithiol. Massey et al. (18) 
have recently observed similar disappearance of the 530-my peak 
on the addition of p-chloromercuriphenylsulfonate to the flavo- 
protein which had been reduced with DPNH. These inde- 
pendent results have been interpreted as indicative of an 
interaction between FADH;, and a sulfhydryl group (but not 
necessarily a dithiol). 

In order to test whether the intermediate with the 530-my peak 
could be a semiquinone of the flavin, as it appears to be in the 
case of butyryl dehydrogenase (19), the ESR spectrum was 
determined in the laboratory of Dr. B. Chance. <A concentrated 
solution (25 mg of protein containing 0.32 umole of FAD in 0.3 
ml) of dihydrothiocty] dehydrogenase was obtained by dialysis 
against a 40% solution of polyvinylpyrrolidone. The frozen 
flavoprotein solution showed no signa! in the ESR spectrometer 
corresponding to unpaired electrons. The solution was thawed 
and DPNH (1.5 wmoles in 0.02 ml) was added in a stream of 


nitrogen. The 530-my peak is known to appear and remain 
FAD R(SH), FAD 
“aS SH 1 
S 7 SH 
OPN f {| OPNH 
--FADH, FADH « 
mt-S pores OR Se 
I 
rs SH 
DYE | 


\- FAD 
* 
= 
Fic. 3. Proposed mechanism of dihydrolipoyl dehydrogenase 
reaction. 
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stable under these conditions (1). The yellow enzyme solution 
immediately turned olive-green but again showed no free radical 
signal either immediately or after standing at 0° for 1 hour. 
The sensitivity of the ESR measurement was such that even if 
0.1% of the flavin had been in the form of the semiquinone, a 
strong signal would have been obtained. The green color of 
the solution, presumably due to the absorption in the region 
from 400 to 580 my, persisted under nitrogen even after 3 days, 
but slowly changed back to the original yellow on admitting air 
into the capillary tube used for the measurements. It is known 
that the enzyme will utilize oxygen as the terminal electron ac- 
ceptor but at a very slow rate (1). 


DISCUSSION 
These results are consistent with the mechanism shown in 
Fig. 3. The enzyme is represented to have FAD and a functional 


disulfide grouping. When it is reduced in the physiological 
direction by reduced lipoate [shown as R(SH)s], either bound to 
a-ketoglutaric dehydrogenase complex or added in substrate 
amounts, the primary step is reduction of the disulfide to the 
dithiol resulting in the formation of Intermediate I. With 
DPNH as the substrate, the first observed reaction is with the 
flavin prosthetic group yielding Intermediate III. Both these 
intermediates are in equilibrium with another form, Intermediate 
II, which is predominant and is responsible for the 530-my peak 
in the reduced enzyme. The artificial electron acceptor in the 
diaphorase reaction reacts with the FADH, in Intermediate II]. 
Not only is the diaphorase reaction independent of the disulfide, 
blocking the disulfide as an arsenite or Cd++ derivative results in 
enhancement of the activity. This enhancement is presumably 
caused by a shift in the equilibrium between the various inter- 
mediate forms of the reduced enzyme in favor of the form (In- 
termediate III) capable of reacting with the artificial acceptor. 

The effects of arsenite and Cd++ on the spectra (Fig. 2a, 26) 
of the reduced enzyme are also readily explained on the basis of 
this scheme. When the reduced enzyme consisting of an equi- 
librium mixture of Intermediates I, II, and III is obtained from 
DPNH, addition of the inhibitor would shift the equilibrium in 
favor of a thioarsenite or mercaptide derivative of Intermediate 
I with the disappearance of the 530-my absorption of Inter- 
mediate II. The excess DPNH could still reduce the FAD on 
this inhibited intermediate to the FADH: since the disulfide is 
not required for this step. This would account for the decrease 
in the 450- to 500-my absorption simultaneous with the disap- 
pearance of the 530-my peak (Fig 2a, Curve C). When the en- 
zyme is reduced with lipoate (bound to the a-ketoglutaric dehy- 
drogenase complex), and then treated with the inhibitor, again 
the inhibited derivative of Intermediate I would be formed with 
loss of the 530-my peak and return of the FAD spectrum to the 
oxidized form. Under these conditions, the FAD would remain 
in the oxidized form (with peaks in the 450- to 500-my region asin 
Fig. 2b, Curve C) because further reduction by lipoate is rendered 
impossible due to binding of the enzyme-dithiol essential for 
transfer of electrons in this direction to the FAD. 

The possibility that the reduced lipoate would directly yield 
Intermediate II and that Intermediate I is not involved in the 
enzymatic reaction, although it is capable of being formed from 
II as a side reaction cannot be ruled out by any of the experi- 
mental data. 

The above scheme differs from that advanced by Massey and 
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Veeger (12) in one important respect. They have proposed that 
the transfer of electrons from the reduced enzyme to DPN occurs 
1 electron at a time through the formation of a DPN radical. 
The basis for this formulation consists of the observation that 
there is a lag in DPNH oxidation by lipoate and that the lag 
could be eliminated by the addition of DPN. In our studies the 
lag was observed with lipoamide only when the reaction was 
carried out below pH 6.0; identical batches of DPNH gave no 
jag at higher pH values (4). 

The nature of the interaction between the flavin and the 
dithiol, or the reduced flavin and the disulfide in the reverse 
direction, is not clear. Although the intermediate is represented 
as a charge-transfer complex or a biradical in Fig. 3, it could be 
some other unknown form. A biradical of the type shown may 
be expected to be highly stable and show no signal in the ESR 
spectrometer due to strong internal reaction. A careful 
study of the model system composed of reduced lipoic acid and 
FMN which form a complex even in the absence of any protein, 
with an absorption maximum in the same region as the reduced 
enzyme (530 my) (7, 8) may yield useful information regarding 
the nature of Intermediate II. This complex also shows no ESR 
signal for free radicals. The model reaction has been depicted 
as in Equation 2. 

R(SH)2 + FMN = Complex = RS: + FMNH2 (4) 

One of the interesting properties of the dihydrolipoyl dehy- 
drogenase is its low oxidation-reduction potential. The value 
was estimated to be approximately —0.332 volt at 25° and pH 
7.0 based on the extent of bleaching obtained at 460 my by 
DPNH, and then revised to a value between —0.332 volt and 
—0.320 volt since a small additional decrease in absorbancy at 
460 my was obtained in the presence of arsenite (1). The fact 
that addition of dithionite further reduced the absorbancy at 460 
mu (Fig. 2a, 2b) indicates that the flavoprotein is not fully 
reduced by excess DPNH even when the dithiol group is in- 
activated and is consistent with the placement of the Hy’ value 
below that of the DPN-DPNH couple. The lipoyl dehy- 
drogenase prepared from Escherichia coli, on the other hand, was 
fully reduced by excess DPNH and showed no peak at 530 my 
(20). Massey et al. (18) observed that addition of p-chloro- 
mercuribenzoate to the reduced enzyme gave immediate reduc- 
tion in the 460-my peak (as with arsenite or Cd++) which was 
followed by a much slower further decrease over a period of 
several hours. This secondary change may have resulted from 
interaction of p-chloromercuribenzoate with the other —SH 
groups known to be present in the unreduced flavoprotein (see 
Table IV). 

The lipoyl dehydrogenase has similarities with the 3’-phos- 
phoadenosine-5’-phosphosulfate reduction system of Bandurski 
eal. except that the FAD and the disulfide are located on dif- 
ferent proteins in the latter system (21). The disulfides on the 
above enzymes appear to be different from that on aldehyde 
dehydrogenase (13) since, unlike the latter, they are not reducible 
by other sulfhydryl compounds, and only the specific reduced 
pyridine nucleotide is capable of serving as the electron donor. 
This and the observation that cyclic disulfides do not undergo 
complete disulfide interchange reactions to yield the corre- 
sponding dithiol (22) may be regarded as tentative indications 
that the disulfides in these enzyme proteins are part of a cyclic 
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structure analogous to lipoic acid. In the case of the protein 
disulfide isolated by Bandurski et al. (21) this suggestion is sup- 
ported by the presence of the 325-my absorption maximum as- 
sociated with cyclic disulfides (22). 


SUMMARY 


The dihydrolipoyl dehydrogenase reaction was inhibited 
strongly by arsenite and cadmium chloride if the enzyme was 
incubated with the inhibitor in the presence of the reducing sub- 
strate, reduced diphosphopyridine nucleotide. At the same time, 
the diaphorase activity of the flavoprotein was enhanced. The 
DPNH could not be replaced by DPN, or reduced triphos- 
phopyridine nucleotide, or an —SH compound. The analysis 
for —SH content with p-chloromercuribenzoate showed the ap- 
pearance of close to 2 moles of —SH per mole of enzyme on reduc- 
tion with DPNH. The 530-my peak associated with the enzyme 
in its reduced state was eliminated by the addition of arsenite or 
cadmium ion. The reduced enzyme showed no evidence for un- 
paired electrons in the electron spin resonance spectrometer. 

The results indicate that the enzyme has another “prosthetic” 
group besides flavin adenine dinucleotide. It is apparently a 
disulfide which is reduced to the dithiol in the catalytic cycle. 
The electron transfer sequence seems to be as follows: 


Dihydrolipoate — unidentified disulfide ~ FAD — DPN 


The intramolecular transfer of electrons from the enzyme-dithiol 
to the flavin proceeds through the formation of an intermediate 
which is characterized by an absorption maximum in the region 
of 530 mu. 


Acknowledgments—The authors wish to express their apprecia- 
tion of the cooperation and help of Dr. Britton Chance in the 
measurements of ESR spectra and the able technical assistance of 
Mrs. Patricia Harding. 


Note added in proof—Recent work in this laboratory has shown 
that the diaphorase activity of dihydrolipoyl dehydrogenase is 
stimulated strongly by 0.1 mM o-phenanthroline or a ,a’-dipyridyl 
whereas thioctamide reduction is unaffected. The 530-my peak 
produced in the presence of DPNH is eliminated by the chelat- 
ing agents. Further understanding of the implications of this 
phenomenon could conceivably require modification of the pro- 
posed reaction mechanism. 
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Several flavoproteins which oxidize reduced pyridine nucleo- 
tides have been observed to catalyze an exchange reaction be- 
tween the protons of the medium and the reduced pyridine 
nucleotide (1, 2) as well as to mediate reduction of analogues 
of pyridine nucleotides by reduced pyridine nucleotides (3). 
Weber, Kaplan, San Pietro, and Stolzenbach (2) have made 
isotope studies of the analogue reduction reaction as well as the 
exchange reaction, with diaphorase as catalyst. When this 
enzyme mediates the reduction of the acetylpyridine analogue of 
diphosphopyridine nucleotide by reduced diphosphopyridine 
nucleotide (a- or B-D)! no isotope appears in the reduced ana- 
logue, but when the reaction is carried out with DPNH as 
reductant in D.O, deuterium is incorporated into the acetyl- 
pyridine-*DPNH. 

We have now investigated the properties of the DPNH cyto- 
chrome bs reductase of microsomes which differs from the pre- 
viously mentioned cases in that it fails to catalyze exchange 
between DPNH and the protons of the medium, but does carry 
out a flavin-dependent reduction of acetylpyridine-*DPN by 
DPNH which proceeds by stereospecific direct transfer? of a 
hydrogen atom from reduced pyridine nucleotide to oxidized 
analogue. 


EXPERIMENTAL PROCEDURE 


Commercial sources of nucleotides and enzymes and the 
general method of procedure are described in previous papers 
(1, 5). The extinction coefficients reported by Siegel, Mont- 
gomery, and Boch (6) for the reduced acetylpyridine-*DPN at 
365 my and the CN-complex of acetylpyridine-*DPN at 340 
mu were used. Acetylpyridine-*DPN was separated from the 
nicotinamide of DPN and chromatographed as described in (5); 
the analogue samples were then diluted with carrier, precipitated 
with acid acetone, and analyzed directly. Specific details are 
described in connection with the individual experiments. The 


* This work was supported by research grants C-3980 and H-5514 
from the National Institutes of Health, United States Public 
Health Service. 

1The a side of the dihydropyridine ring of DPNH is the one 
from which the hydrogen is removed by alcohol and lactic de- 
hydrogenases, and the 6 side is the one attacked by glutamic and 
glyceraldehyde-3-phosphate dehydrogenases, for example (see 
reference 4). 

* The term direct transfer is used in this paper to mean transfer 
of hydrogen from reactant to product without exchange with the 
protons of the medium. It does not necessarily follow that the 
reaction proceeds in a single step from reactant to product. 


flavoprotein was prepared as described previously (7, 8) and 
the totally resolved apoenzyme was prepared by a method which 
is described in (9). DPNH (a@-D) was prepared as described in 
(10), with C:D;0H purchased from the New England Nuclear 
Corporation. The DPNH (a-D) was analyzed by oxidizing 
portions to DPN with glutamic and alcohol dehydrogenases; the 
DPN was cleaved and the resulting nicotinamide was diluted 
and crystallized. None of the samples of DPNH (a-D) had 
appreciable D on the 6 side of the ring. 


RESULTS 


Stereospecificity of DPNH Oxidation by Reductase—DPNH 
(a-D) which had 0.47 atom D per molecule was oxidized with 
the reductase with Fe(CN)¢* as acceptor. The DPN produced 
in the reaction was cleaved to yield nicotinamide which, when 
analyzed for deuterium, was found to have retained 0.01 atom 
D per molecule. The reductase, therefore, shows essentially 
complete stereospecificity for the a side of the dihydropyridine 
ring of DPNH. 

Tests for Tritium Incorporation from Medium—In one experi- 
ment, 13 umoles of DPNH, 3.75 umoles of EDTA,’ HTO to give 
a final specific activity in the medium of 1.3 x 10‘ ¢.p.m. per 
pwatom of H, and 0.1 mg of reductase were incubated in 3.0 ml 
of 0.1 m Tris-chloride buffer at pH 7.9, under anaerobic condi- 
tions, for 90 minutes at 15°. The description of the methods 
used for denaturing the enzyme and preparing the samples for 
counting as nicotinamide are described in reference (1). In the 
experiment reported here, portions of the DPNH were oxidized 
with glutamic dehydrogenase as well as with alcohol dehydro- 
genase so that isotope which had been in either the a or 8 posi- 
tion in the DPNH could be detected. The dilutions used were 
such that the samples counted would have contained approxi- 
mately 12,000 c.p.m. had complete equilibration of the DPNH 
with the protons of the medium occurred, so that 1% equilibra- 
tion could have been readily detected. The radioactivity 
actually found in the samples in no case exceeded 6 c.p.m. per 
umole corrected for dilution, a value based on a very small 
number of net counts over background, and therefore of dubious 
significance. This experiment was repeated with a mixture of 
6 umoles of DPNH and 7.5 umoles of DPN rather than with 
DPNH alone. Here the specific activity of the nicotinamide 
samples was again very low, approximately twice the value found 


3 The abbreviation used is: EDTA, ethylenediaminetetraacetic 
acid. 
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TABLE I 
Deuterium transfer from DPNH (a-D) to acetylpyridine-*DPN 
- Steric Observed Atom Corrected 
| position in D D atom 
acetylpyri- excessin (per molecule, D 
dine-*DPNH | acetylpyri- | corrected for per 
analyzed for*) dine-*DPN dilution molecule® 
al Fa Se ae a ia | atom % ie a 
a | 
1. Reductase?..... a 0.078 0.24 | 0.36 
2. Reductase’........, 6 | 0.004 0.02 | 
3. No enzyme’®....... a | 0.006 0.03 | 
4. No enzyme’....... B | 0.008 0.02 | 
5. Reductase’........ a@ | 0.224 0.15 | 0.40 
6. No enzyme’....... | a |} 0.008 | 0.01 | 





«The acetylpyridine-*-DPN formed when deuterated acetyl- 
pyridine-*DPNH is oxidized with glutamic dehydrogenase will 
retain the D which had been on the a side of the dihydropyridine 
ring of the reduced analogue, and the acetylpyridine-*DPN pro- 
duced by oxidation with alcohol dehydrogenase will retain the D 
which had been on the 8 side of the ring in the reduced analogue. 

6 It is assumed that the acetylpyridine-*DPN had been pre- 
pared as the monohydrate and that, therefore, 3.33 atom % ex- 
cess would correspond to 1 atom D per molecule. These values 
are uncorrected for purity. The samples were 95 to 98% pure 
based on absorption at 260 my, and 70 to 75% pure based on the ab- 
sorption of the CN-complex at 340 mu. This difference was noted 
also with the initial commercial sample of acetylpyridine-*DPN. 

total acetylpyridine-*DPN in re- 

action mixture 
total acetylpyridine-*DPNH formed 
atoms D per molecule of DPNH (a-D) 
= corrected atoms D per molecule. 

4 DPNH(a-D), 20.3 umoles, with 0.87 atom D per molecule in 
the a position of the dihydronicotinamide ring, acetylpyridine- 
*DPN, 20.2 umoles, EDTA, 50 wmoles, and reductase, 1.8 mg, 
were incubated anaerobically in 34 ml of 0.085 m Tris-chloride 
buffer at pH 7.9 for 6 hours at 22°. At this time 16.3 wmoles of 
acetylpyridine-*DPNH had been formed. The reaction mixture 
was divided into two equal portions; 1 mmole of CH;CHO and 
0.2 mg of yeast alcohol dehydrogenase were added to one por- 
tion and the pH was lowered to 7.1. The other portion was 
treated with 300 umoles of NH,Cl, 20 umoles of a-ketoglutarate, 
and 1.0 mg of liver glutamic dehydrogenase. Under these con- 
ditions, the reduced nucleotide mixtures were oxidized almost 
instantaneously. The oxidized nucleotides were treated with 
Neurospora DPNase which removed nicotinamide from the DPN, 
leaving the acetylpyridine-*DPN unchanged; this mixture was 
then placed on a Dowex 1-formate column 1 X 8 cm and washed 
with 60 ml of water. The acetylpyridine-*DPN was eluted from 
the column with 0.1 m NH, formate. The eluate fractions con- 
taining the analogue were combined, lyophilized just to dryness, 
dissolved in 2 ml of H.O, analyzed, diluted with carrier, made 
acid to Congo red paper with HNOs, and precipitated with ace- 
tone, washed and dried in a vacuum over CaSQ,. 

¢ The reaction conditions were the same as in 4 above, except 
that the reductase was omitted. After 6 hours, 3.4 wmoles of 
acetylpyridine-*DPNH had been formed. The mixture was di- 
vided into portions and treated exactly as in 4. 

4 This experiment was performed on one-half the scale used for 
4 above with DPNH (a-D) which had 0.75 atom D per molecule 
in the a position of the dihydronicotinamide ring. In 3 hours 5.2 
umoles of acetylpyridine-*DPNH were formed. The entire reac- 
tion mixture was treated with glutamic dehydrogenase, a-keto- 
glutarate, and ammonia, and the acetylpyridine-*DPN was iso- 
lated for analysis as in ¢. 

9 The reaction conditions were the same as in / above except 
that the reductase was omitted. After 3 hours, 0.96 umole of 
acetylpyridine-*DPNH had been formed. The sample was then 
treated exactly as in /. 





¢ Atoms D per molecule X 
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when DPNH alone was incubated with the enzyme. The dif- 
ference is accounted for by incorporation in the control contain- 
ing no enzyme, and presumably results from incorporation of 
tritium from the medium into position 2 of the nicotinamide of 
DPN in the course of the incubation (11). In a third type of 
experiment, a mixture of DPNH and acetylpyridine-*DPN was 
used. One ywmole each of DPNH and acetylpyridine-*DPN, 
1.25 umoles of EDTA,’ HTO to give a final specific activity in 
the medium of 6 x 10‘ ¢.p.m. per watom of H, and 0.38 mg of 
reductase were incubated in 1.0 ml of 0.01 m Tris chloride buffer 
at pH 7.5, under anaerobic conditions for 60 minutes at 24°. 
Under these conditions, 0.84 umole of acetylpyridine-*DPN was 
reduced. Acetylpyridine-*DPNH carrier, 5 uymoles, was added 
and the nucleotide mixture was precipitated with barium acetate 
and ethanol. The acetylpyridine-*-DPNH was oxidized by 
means of glutamic dehydrogenase, a-ketoglutarate, and NH,Cl, 
and the product was absorbed on a Dowex 1-formate column and 
eluted with 0.1 M ammonium formate. The eluate was lyoph- 
ilized and dissolved in 1 ml of H,O from which aliquots were 
removed for spectrophotometric analysis and for counting. The 
acetylpyridine-*DPN had no significant counts over the back- 
ground although if all of the H used to reduce the analogue had 
been derived from the medium, the sample would have shown 
approximately 4000 c.p.m. 

In the first two of these experiments, if the DPNH had been 
exchanging with the medium at the same rate per mole of en- 
zyme flavin that was observed previously for the DPNH-cyto- 
chrome c reductase of mitochondria (1), the nicotinamide would 
have had 4000 c.p.m. per umole. In the third experiment, the 
DPNH would have been completely exchanged over almost the 
entire experimental interval, so that the acetylpyridine-*DPN 
would have incorporated a large amount of isotope from the 
medium either directly or indirectly. If the cytochrome 5; 
reductase catalyzed exchange at the same rate, relative to its 
maximal turnover number, that the cytochrome c reductase does, 
complete exchange would have been observed in all three experi- 
ments. If the enzyme formed a complex in the reaction which 
did not reverse to give free DPNH and enzyme, this would ex- 
plain the failure of the first two experiments to show exchange, 
but not that of the third. Although the results of the third 
experiment raised the possibility that the reduction of acetyl- 
pyridine-*DPN proceeds by direct transfer, an exchange with 
the medium which differs from the one observed for other 
flavoproteins, either by being intrinsically very slow or by being 
subject to a large tritium rate effect, may also occur. Recent 
experiments with the threonine synthetase have shown that, when 
homoserine phosphate is converted to threonine, protons are 
incorporated into the threonine at 40 times the rate at which 
tritium ions are incorporated (12). 

Deuterium Transfer from DPNH (a-D) to Acetylpyridine-*DPN 

The results of two experiments performed to determine whether 
or not direct hydrogen transfer occurs in the flavoprotein-cata- 
lyzed analogue reduction are shown in Table I. It was necessary 
to use low concentrations of DPNH (a-D) and acetylpyridine- 
*DPN to minimize interference from the nonenzymic reaction 
between these substances, which proceeds by direct transfer (5). 
The values shown in the last column of Table I are corrected for 
the amount of analogue actually reduced and for the fact that 
the DPNH (a-D) contained less than the theoretically expected 
1 atom of D per molecule. Line 1 of Table I shows that an 
amount of deuterium corresponding to 0.36 atom of deuterium 
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per molecule of acetylpyridine-*DPNH formed in the reaction 
was recovered in the acetylpyridine-*DPN sample which had 
been prepared for analysis by oxidation with glutamic dehydroge- 
nase. This dehydrogenase is specific for the H on the 8 side of 
the dihydropyridine ring and thus leaves in position 4 of the 
oxidized pyridine nucleotide the H which had been on the a side 
in the reduced compound. No significant excess of deuterium 
was found in the acetylpyridine-*DPN produced by oxidation of 
the reduced analogue with alcohol dehydrogenase so as to retain 
the 8-H of the dihydro compound (Table I, Line 2). 

Lines 3 and 4 of Table I show the results of a control experi- 
ment in which the reductase was omitted. This experiment 
excludes the possibility that contamination of the analogue 
samples with DPN-4-D or nicotinamide-4-D can be responsible 
for the results obtained in the enzyme experiments. The small 
amounts of deuterium found in the acetylpyridine-*DPN samples 
are of the order to be expected from the nonenzymic reaction 
(Table II). From the results it can be concluded that: (a) the 
DPNH cytochrome 6; reductase catalyzes a direct transfer of 
deuterium from DPNH (a-D) to acetylpyridine-*DPN; (6) the 
reaction is stereospecific both for the donor* and acceptor; and 
(c) in the reaction the same steric position is reduced in the ana- 
logue as is oxidized in the DPNH.® 

Although this experiment is satisfactory from a qualitative 
standpoint, it is inadequate from a quantitative one. If the 
reaction is a stereospecific direct transfer and does not pass 
through an intermediate which can exchange hydrogen with the 
protons of the medium, then, in theory, 1 atom of D should 
appear in acetylpyridine-*DPNH for each molecule of DPNH 
(a-D) oxidized. It can be seen in Table I that even after cor- 
rection is made for the fact that the DPNH (a-D) contained 
0.84 atom D per molecule, only 0.36 atom D per molecule of 
acetylpyridine-*DPNH is found. An experiment was performed 
to minimize several possible causes of the discrepancy. ‘The time 
of incubation was shortened and the fraction of the acetylpyri- 
dine-*DPN allowed to react was reduced to decrease the oppor- 
tunity for possible exchange between acetylpyridine-*DPNH 
and the medium. A smaller dilution with carrier was used to 
improve the accuracy of the deuterium analyses. The results 
shown in Lines 5 and 6 of Table I confirm those of the parallel 
experiment of Lines 1 and 3, but although the deuterium analysis 
falls in a more satisfactory range, the calculated transfer of D is 
approximately the same as in the earlier experiment. Whether 
analytical error or slow exchange with the medium is responsible 
for the incomplete recovery of isotope is not apparent. 

Deuterium Transfer from DPNH (a-D) in Nonenzymic Reac- 
tion—The distribution of deuterium between the a and @ sides of 


‘The nicotinamide isolated from the experiment of Line 1 of 
Table I contained 0.15 atom D per molecule, corrected for dilu- 
tion; this value corresponds to 0.75 atom D per molecule in the 
DPNH (a-D) remaining at the end of the reaction. If the ex- 
change were not stereospecific for the DPNH, DPN-4-D would 
have contributed to the value and the deuterium content would 
be higher than could be accounted for by the amount of unre- 
acted DPNH (a-D). 

'Unpublished experiments with acetylpyridine-*DPN _ iso- 
topically labeled in position 4 of the pyridine ring show that the 
analogue is reduced on one side by alcohol or lactic dehydrogenase 
and on the other by glutamic dehydrogenase. It appears, there- 
fore, that in the two nucleotides the a and 8 sides of the dihydro- 
pyridine ring correspond by the enzymic criterion, regardless of 
whether or not they correspond physically. 
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TABLE II 
Nonenzymic reduction of acetylpyridine-*DPN 
by DPNH (a-D) 
Steric. P 
|position in Ob: tom 
Nucleotide | Been ed Analyzed as — ll 
analyzed D oiled 
for® 
atom % 
1. Acetylpyridine-* a acetylpyri- 0.104 | 0.13 
DPN reduced dine-*DPN 
with DPN (a- B acetylpyri- 0.104 0.13 
D)> dine-*DPN 
2. DPN + DPNH re- a nicotinamide 0.250 0.59 
maining from 1 B nicotinamide 0.244 | 0.54 





* See footnote +, Table I. 

®’ DPNH (a-D), 32 umoles, containing 0.87 atom D per molecule 
in the @ position of the dihydropyridine ring, was incubated with 
32 umoles of acetylpyridine-*DPN in 0.85 ml of 0.1 m Tris chloride 
buffer at pH 7.8, for 3 hours at room temperature. The sample 
was then diluted to 4 ml to slow the reaction. Acetylpyridine- 
*DPNH, 27 umoles, had been formed. The samples were prepared 
for deuterium analysis as described in footnote ¢ to Table I. 


acetylpyridine-*DPNH which had been produced by nonenzymic 
reduction with DPNH (a-D) was determined for comparison 
with the enzymic reaction. The rate of the reaction is not sig- 
nificantly depressed by substitution of D for H in the a position 
of the DPNH. The data in Lines 1 and 2 of Table II show that 
deuterium is transferred from the a side of DPNH equally to the 
a and @ sides of the dihydropyridine ring of the reduced analogue. 
If the reaction transferred D or H indiscriminately from the 
DPNH, the total amount of deuterium in the a and 8 positions 
of the product would have been 0.43,° atom per molecule. The 
observed value of 0.26 therefore indicates some discrimination 
against D. The amount of isotope present in the DPN and 
DPNH (a-D), 0.59 atom per molecule, added to the amount 
recovered in the product, 0.26 atom per molecule, accounts for 
all of the deuterium originally present, 0.87 atom per molecule. 
The equal distribution of isotope between the two sides of the 
ring in the nonenzymic reaction serves to differentiate it from 
the reductase-catalyzed reduction. 

Deuterium Rate Effect in DPNH (a-D) Oxidation—The effects 
of substituting deuterium for hydrogen in the @ position on the 
rates of DPNH oxidation with Fe(CN)," or O2 as acceptor and 
on the rate of acetylpyridine-*DPN reduction are shown in 
Table III. These rates have been calculated as DPNH dis- 
appearance per unit amount of enzyme to facilitate comparison. 
The acetylpyridine-*DPN reduction was measured under aerobic 
conditions in which competition between analogue and Oy for 
DPNH as well as reoxidation of the reduced analogue by O2 
occur. The reaction is slower with DPNH (a-D) as substrate 
when Fe(CN),* or acetylpyridine-*DPN are used as acceptors, 
but the apparent rate effect is smaller with the analogue than with 
Fe(CN),*. When the acceptor is Oz, there is no rate effect. 


6 Because the amounts of DPNH and acetylpyridine-*DPN 
used were equal and the deuterium content of the initial DPNH 
was 0.87 atom D per molecule. 








2326 


TABLE III 


Deuterium rate effect in DPNH (a-D) 
oxidation to various acceptors 














Acceptor DPNH rate ew | DPA ea 
moles/min/ | moles/min/ 
|mole reductase| mole a 
1.) al ...-| 28,200 | 7,7 | 3.66 
Acetylpyridine-*DPN?°. ... 3.0 i 1.75 
“ER eee | 1.4 1.3 1.06 





@ Absorbancy changes at 340 mu were read at 15-second inter- 
vals in systems containing 0.02 umole of reduced pyridine nucleo- 
tide, 10-* m cytochrome 6; reductase, and 0.05 umole of potassium 
ferricyanide aerobically in 0.2 ml of 0.1 m Tris-acetate and 0.001 
M EDTA buffer, pH 8.1. 

» Assay systems were the same as for * except that 5 X 10° 
enzyme was used and 0.02 umole of acetylpyridine-*DPN was 
substituted for the potassium ferricyanide. The absorbancy 
changes at 400 my were recorded. 

¢ Assay systems were the same as for * except that 5 X 10° m 
enzyme was used and the potassium ferricyanide was omitted. 


SH” Ss 


| | 


e 
Enzyme — FAD + DPNH (e-D) — Enzyme — FAD 
Complex A 


SH 


Enzyme — FAD + acetylpyridine-*DPNH (a-D) <— Enzyme — FAD « 


Presumably, in this last case, oxidation of the enzyme has re- 
placed the breaking of the C—D bond as the rate-limiting step 
in the over-all reaction. It may be noted that DPNH oxidation 
is approximately 10,000 times faster with Fe(CN),= as acceptor 
than with the analogue or O2. However, the analogue reduction 
rate per mole of enzyme flavin is of the same order of magnitude 
as the rate which can be calculated from the data of Weber and 
Kaplan (3) for the DPNH-cytochrome c reductase of heart, for 
example. 

FAD Requirement for Acetylpyridine-*DPN Reduction—It has 
been shown (13) that for partially resolved reductase, acetyl- 
pyridine-*DPN reduction is stimulated by the addition of FAD 
to approximately the same extent as is the reduction of Fe(CN).*. 
An improved preparation of the apoenzyme (9), shows less than 
2% activity in the usual assay and gives no evidence of flavin 
in its spectrum, but can be restored to 75 to 90% of its initial 
activity by the addition of FAD. This preparation shows no 
acetylpyridine-*DPN reduction in the absence of added FAD 
(Fig. 1, Line 2); addition of FAD after 3 minutes causes an im- 
mediate maximal response. These results demonstrate that the 
analogue reduction reaction catalyzed by the DPNH cytochrome 
bs reductase has an absolute requirement for FAD, that the 
apoenzyme is stable in the reaction mixture in the absence of 
FAD, and that the reactivation by FAD is complete in a time 
which must be considerably less than 1 minute. 
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DISCUSSION 

This is the first report of a direct transfer of hydrogen which is 
dependent upon the presence of a flavin coenzyme. Vennesland 
(14) reported results indicating the transfer of deuterium from 
acetaldehyde-1-D to DPN by xanthine oxidase. There are 
several examples of reduction of the oxidized form of one pyridine 
nucleotide by the reduced form of another which proceed by a 
direct transfer or succession of such transfers. The Pseudomonas 
transhydrogenase catalyzes a direct transfer from DPNH 
(8-D) to TPN (15), but as far as is known this enzyme is not a 
flavoprotein. The steroid-mediated transhydrogenations, what- 
ever the details of their mechanism, involve a direct transfer 
(16), which is presumably of the type familiar in pyridine nucleo- 
tide-linked dehydrogenases. The nonenzymic reduction of 
acetylpyridine-*DPN by DPNH involves direct transfer of the 
hydrogen (5). 

Several of the properties of the DPNH cytochrome 8; re- 
ductase are pertinent to a consideration of the mechanism of the 
hydrogen transfer which it catalyzes. Previously reported ex- 
periments (8, 13, 17) support a hypothesis for the course of the 
analogue reduction which is indicated schematically as follows: 


.... DPNH (a-D) S ....DPN 
Yi | “te 
+ Ht 





Enzyme _ FADH; (D) 
Complex B 


| acetylpyridine-*DPN 


¥ 


(a-D) 
| 


S ....acetylpyridine-*DPN 
— Ht : 





| % 
Enzyme — FADH: (D) + DPN 


The enzyme binds tightly 1 mole of DPNH per mole of flavin. 
Spectrophotometric titrations show that as DPNH is bound to 
the flavoprotein, there is a stoichiometric disappearance of the 
absorption peaks of the oxidized FAD and of the reduced pyri- 
dine nucleotide, with the concomitant appearance of a new peak 
at 317 mu. This substance with the spectral properties of a re- 
duced flavin, oxidized pyridine nucleotide, enzyme complex is 
represented as Complex B. The binding of DPNH, the oxida- 
tive reaction, and the analogue reduction are all blocked by 
titration of a single sulfhydryl group of the protein. Recent 
experiments (9, 18) indicate that FAD is not required for the 
DPNH binding but that the sulfhydryl group is essential; this 
suggests that DPNH is bound at the same site in the apoprotein 
as in the complete enzyme. There is no evidence for the presence 
on the enzyme of a binding site specific for oxidized pyridine 
nucleotides. 

The mechanism illustrated in the scheme, in which DPN is 
displaced from the oxidized nucleotide, reduced flavin Complex B 
by acetylpyridine-*DPN, would account for the observed 
stereospecificity of the hydrogen transfer, the requirement for the 
integrity of the sulfhydryl group which is also necessary for 
DPNH binding and the normal oxidative reaction, and the re- 
quirement for the presence of the flavin. When a reduced flavin 
intermediate is postulated for the reaction, it becomes necessary 
to account for the fact that appreciable exchange does not occur 
between the N—H (or O—H) hydrogens of the reduced flavin 
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Fic. 1. Reduction of acetylpyridine-*DPN by DPNH and 
apoenzyme in presence and absence of FAD. The formation of 
acetylpyridine-*DPNH was measured by the increase in absorb- 
ancy at 400 my during aerobic incubations at 25°. Each tube con- 
tained 0.02 umole each of DPNH and acetylpyridine-*DPN in 
0.20 ml of 0.1 m Tris-acetate buffer at pH 8.1. In addition, for 
Curve 1, the tube contained 0.004 umole of FAD and 0.0004 umole 
of aporeductase; for Curve 2, 0.0004 umole of aporeductase; and 
for Curve 3, 0.004 umole of FAD. After 3 minutes, 0.004 umole of 
FAD was added to trial 2. 


and the protons of the medium, because rapid exchange of these 
hydrogens of reduced free flavins is generally assumed but has 
not been tested. In the reduced enzyme-pyridine nucleotide 
complex, one or both of the hydrogens may be stabilized by 
hydrogen bonding, may be “buried” out of easy contact with 
the solvent, or may be perhaps directly involved in bonding in 
the stable complex between the pyridine and the flavin nucleo- 
tides. The information so far available is so meager that it 
would be premature to postulate a detailed structure for the 
complex. 

One alternative to this mechanism would involve the flavin 
only as a structural part of the protein, which would provide the 
configuration necessary for direct hydrogen transfer from bound 
reduced nucleotide either by collision with the oxidized analogue, 
or by reaction with acetylpyridine-*DPN bound on an unknown 
second binding site specific for oxidized nucleotides. If a col- 
lision mechanism is assumed, it is difficult to account for the 
observed stereospecificity of the reduction of the analogue; there 
is no evidence with this enzyme for the existence of the oxidized 
pyridine nucleotide-binding site which would be required by the 
second formulation. Both of these mechanisms, which assume a 
merely structural role for FAD and do not require a displacement 
of the oxidized pyridine nucleotide, presuppose reaction of 
Complex A, which could constitute only a minute fraction of the 
protein, since in the presence of the reduced nucleotide the en- 
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zyme is virtually completely in the form of Complex B, in which 
the spectral changes strongly suggest that the flavin is com- 
pletely reduced and the pyridine nucleotide oxidized. If the 
spectral characteristics of Complex B for some unknown reason 
do not in fact represent a situation in which the hydrogen is no 
longer bound to the pyridine nucleotide in covalent linkage, this 
complex could participate in these alternative mechanisms. 

If the mechanism shown in the scheme is involved in the 
analogue reduction reaction, it would follow that the hydrogen 
is directly transferred to flavin in the course of the oxidative re- 
action catalyzed by the reductase. This hydrogen would then 
be lost as a proton when the reduced flavin is oxidized by 
Fe(CN).™ or cytochrome );. 

This enzyme is not necessarily a special case among flavo- 
proteins with regard to the catalysis of direct transfer, except 
that in this example direct transfer seems to occur to the ap- 
parent exclusion of exchange. It is obvious that it might be very 
difficult to detect hydrogen transfer, when it is catalyzed by 
enzymes which involve reduced intermediates, the hydrogens of 
which can exchange with the medium, because if exchange of the 
intermediate occurs rapidly enough, no transfer will be observed. 
On the other hand, if any hydrogen can be proved to have passed 


from reactant to product, transfer, in the sense used in this paper, 
can be assumed. 


SUMMARY 


The reduction of the acetylpyridine analogue of diphospho- 
pyridine nucleotide by reduced diphosphopyridine nucleotide, 
catalyzed by the microsomal cytochrome b; reductase, has been 
shown to involve a direct and stereospecific hydrogen transfer 
from the @ side of reduced diphosphopyridine nucleotide to the 
a side of the acetylpyridine analogue. 

The analogue reduction, and, therefore, the direct hydrogen 
transfer, is completely dependent on the presence of flavin in the 
enzyme. 

To account for the flavin dependence, the stereospecificity, 
and the direct transfer observed in this reaction, a mechanism 
involving nucleotide displacement from the previously described 
pyridine nucleotide-enzyme complex has been considered. 
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The isolation of microsomal cytochrome }; reductase as a 
homogeneous conjugated protein made possible the identifica- 
tion of flavin adenine dinucleotide as a firmly bound prosthetic 
group (2). This bound flavin participates directly in a rapid 
electron transfer from reduced pyridine nucleotides to cyto- 
chrome 6; or other electron acceptors during which an oxidized 
pyridine nucleotide-reduced flavoprotein complex is formed 
(3, 4). The complex is remarkably stable, especially under 
anaerobic conditions, and is characterized by an absorption 
band with a maximum at 317 my (3, 4) and by the involvement 
of a single protein sulfhydryl group (5). More recently (6), it 
has been shown that at least in the case of the slow hydrogen 
transfer between pyridine nucleotides catalyzed by cytochrome 
bs reductase (3), there is a direct and stereospecific transfer of 
hydrogen from one pyridine nucleotide to another. The fact 
that this reaction involves the flavin (3) suggests that a direct 
transfer of hydrogen to the flavin may occur during formation 
of the pyridine nucleotide-flavoprotein complex (6). 

One approach to a more complete understanding of the struc- 
ture of the enzyme-pyridine nucleotide complex is to study the 
nature of the binding sites on the enzyme for both the pyridine 
nucleotide and the FAD. The binding of pyridine nucleotides 
to cytochrome b; aporeductase is considered in an accompanying 
paper (7),-whereas the experiments on the nature of the FAD 
binding to cytochrome 6; reductase are reported below. These 
studies required first the preparation of undenatured cytochrome 
bs; aporeductase. With such preparations, it was possible 
to determine some of the characteristics of FAD, flavin mono- 
nucleotide, and riboflavin binding to the aporeductase and to 
determine whether flavin binding involves any one of several 
amino acid residues on the protein by observing the effects of 
group-specific reagents on the interaction of FAD or flavin 
mononucleotide with the apoenzyme. These studies suggest 
that one specific tyrosyl residue is involved in FAD binding 
and that one or more amino groups may also participate in this 
stable flavoprotein structure. 


EXPERIMENTAL PROCEDURE 


The general aerobic procedure for measuring the enzymatic 
activities of microsomal cytochrome b; reductase have been 
described (2, 5). The standard assays of the catalytic activities 


*A preliminary report of this work is in press (1). This in- 
vestigation was supported by Research Grants H-5514 from the 
United States Public Health Service, and NSF-G4552 from the 
National Science Foundation. 


of cytochrome 6; reductase, cytochrome 6; aporeductase prepa- 
rations, and reconstituted cytochrome b; reductase reported 
below were carried out at 25°, in microcells which contained 
0.025 umole of DPNH, 0.05 umole of potassium ferricyanide 
(added at zero time), 10-5 umole of FAD where indicated, and 
enzyme in 0.20 ml of 0.1 m Tris acetate-0.001 m EDTA! buffer, 
pH 8.1. The final protein concentration in the assay system 
was usually 10-° m. The oxidation of DPNH was followed by 
the decrease in absorbancy at 340 my at 15-second intervals for 
2 minutes. A correction for the small contribution of potassium 
ferricyanide reduction to the 340-my absorbancy change was 
made. 

The absorption spectra and difference spectra were measured 
with a Bausch and Lomb Spectronic-505 recording spectropho- 
tometer which has a constant 5-A band width from 200 to 700 
mu. The cuvette compartments were maintained at 24° by 
circulating refrigerant at —2° through brass blocks which sur- 
round each cuvette holder. Volumes of only 0.30 ml of sample 
solutions could be used for spectral measurements by placing 
silica microcells with a 1-cm light path and a 0.75-ml capacity, 
ordinarily used in the Beckman model DU spectrophotometer 
(2), on brass plugs in the cuvette holders so that the 0.3-ml 
samples intercepted the entire light beam. Each spectrum was 
calibrated with several emission bands of a mercury arc. 

For the fluorescence measurements of free flavins, an Aminco 
Bowman spectrophotofluorometer? with an RCA 1P28 photo- 
multiplier tube and a high-pressure, xenon arc light source as 
described by Velick (8) was used. The cuvette holder block 
was replaced by an aluminum block through which ice water 
was circulated to maintain a temperature of 2-4°. The usual 
Aminco Bowman cells were used for 1-ml sample volumes and 
the microcell adapter and microcells were used for measure- 
ments on 0.1-ml samples. The fluorescent light monochromator 
was calibrated against a mercury arc lamp, and the emission 
monochromator was then calibrated against the fluorescence 
monochromator. An activation wave length of 450 my and an 
emission wave length of 530 my were used. 

The concentration of cytochrome b; reductase was determined 
from the flavin absorption band at 460 mu and a molar extinc- 
tion coefficient of 10,200 (2). The concentration of cyto- 
chrome 6; aporeductase was estimated from the 280-my protein 
absorption maximum, assuming a molar extinction coefficient 


1The abbreviations used are: EDTA, ethylenediaminetetra- 
acetic acid; and FMN, flavin mononucleotide. 
? Tam indebted to Dr. S. F. Velick for the use of this apparatus. 
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of 36,000. This value was determined from the absorbancy of a 
known amount of microsomal cytochrome b; reductase at 280 
my corrected for the contribution of an equivalent amount of 
FAD to the absorbancy at this wave length. This calculation 
is valid inasmuch as the light absorption of FAD at 280 muy is 
not appreciably changed when it is bound to the reductase. 

The iodine reagent was prepared by dissolving iodine in a 
2-fold molar excess of potassium iodide in water at 40°, and 
cooling and diluting to the desired concentration. The concen- 
tration of the iodine in this reagent was determined from the 
absorbancy of an aliquot of the solution in 5% potassium iodide 
at 352 my as described by Custer and Natelson (9). The so- 
dium salt of trinitrobenzene sulfonate was prepared as described 
by Golumbic, Fruton, and Bergmann (10). The FAD, FMN, 
riboflavin, and p-chloromercuribenzoate were products of the 
Sigma Chemical Company. The monoiodotyrosine and diiodo- 
tyrosine were obtained from the Mann Research Laboratories, 
Inc. 

Preparation of Calf Liver Microsomal Cytochrome b; Reductase 
—Microsomal cytochrome 6; reductase was prepared as de- 
scribed previously (2, 5). A very slight further purification 
was achieved in a final ammonium sulfate precipitation by col- 
lecting only the protein which precipitated in 10 hours by raising 
a solution of the protein from 55% saturation with ammonium 
sulfate to 60% saturation at pH 8.1 and 0-5°. The ratio of 
absorbancy at 275 to 460 my of such preparations was between 
6.3 and 6.7, and the turnover number of the enzyme for DPNH 
oxidation with potassium ferricyanide as electron acceptor was 
approximately 30,000 moles of substrate per mole of enzyme per 
minute at 25° in the standard assay system. The reductase was 
stored at —15° in 0.1 m Tris acetate-0.001 m EDTA buffer, pH 
8.1. 

Preparation of Cytochrome 6; Aporeductase—For all. steps of 
this preparation it was necessary to maintain a temperature be- 
tween 0-2° to avoid protein denaturation. A 1-ml sample of 
reductase in 0.1 m Tris acetate-0.001 m EDTA buffer, pH 8.1, 
containing from 3 to 6 mg of protein was pipetted into a 15-ml 
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Fic. 1. The effect of incubation on the ability of an acid am- 
monium sulfate-treated preparation of aporeductase to recombine 
with FAD. The first precipitate in a preparation of aporeductase 
was assayed in the standard assay system containing FAD (see 
‘*Experimental Procedure’’) at the indicated times after solution 
of the precipitate in 0.1 m Tris acetate-0.1 m potassium bromide 
buffer, pH 9.1. 
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plastic centrifuge tube. The tube was placed in an ice bath and 
1 ml of 3 m potassium bromide was then added. While the tube 
containing this solution was swirled in the ice bath, 1 ml of 
saturated ammonium sulfate (72 g per 100 ml of water), pH 
1.5, was added over a 20-second interval. After an additional] 
40 seconds, during which mixing was continued and precipita- 
tion of protein occurred, 4 ml of saturated ammonium sulfate, 
pH 1.5, was added quickly with mixing, and the tube was cen- 
trifuged at 20,000 x g at 0° for 6 minutes. The supernatant 
fluid, containing free FAD, was removed completely by decant- 
ing and then wiping the inside of the tube with absorbant paper, 
The protein precipitate was dissolved in 2.0 ml of 0.1 m Tris 
acetate-1.5 mM potassium bromide buffer, pH 9.1, and stored in 
an ice bath for 30 to 60 minutes. The ammonium sulfate pre- 
cipitation procedure and centrifugation were repeated two addi- 
tional times, exactly as indicated above, to remove any residual 
FAD. After the second precipitation the protein was again 
dissolved in 2 ml of 0.1 m Tris acetate-1.5 mM potassium bromide 
buffer, pH 9.1, and stored for 30 to 60 minutes at 0°. After 
the third and final precipitation, the protein was dissolved in 
1.5 ml of 0.1 m Tris acetate-1.5 mM potassium bromide buffer, pH 
9.1. This solution along with a small amount of insoluble de- 
natured protein was dialyzed twice for 12 hours against 250 
ml of 0.1 m Tris acetate-0.001 m EDTA buffer, pH 8.1, at 0°. 
After dialysis, the preparation was centrifuged at 20,000 x g 
at 0° for 10 minutes to remove denatured protein; the clear 
supernatant fluid containing cytochrome 6; aporeductase was 
decanted and stored at —12°. 


RESULTS 

Cytochrome b; Aporeductase Recovery, Resolution, and Homo- 
geneity—Whereas the limited resolution of cytochrome ); re- 
ductase reported earlier (3) was achieved by protecting the 
protein during the acid ammonium sulfate treatment with a 
large excess of albumin, the present procedure for preparing the 
aporeductase avoids contamination of the preparation with this 
protein without denaturing the enzyme; this is done with the 
use of a very low pH for a very short period of time under 
exactly controlled conditions during the ammonium sulfate 
precipitation. There is, however, an apparent reversible change 
in the protein structure during the acid ammonium sulfate 
treatment. This effect is illustrated in Fig. 1 where it can be 
seen that immediately after dissolving the protein precipitate 
after acid ammonium sulfate precipitation, the activity is low 
in the presence of FAD and gradually increases to a maximal 
level after 30 to 60 minutes of incubation at 0° in the absence of 
FAD. This suggests that during resolution at least a part of 
the apoprotein undergoes an apparent reversible alteration in 
structure to a form which cannot recombine with FAD to yield 
the original reductase structure. During the incubation the 
protein changes to a form which combines with FAD to yield 
an active enzyme. The apoenzyme is also more unstable im- 
mediately after acid precipitation when it is presumably in an 
altered form, and it is for this reason that the preparation in- 
cludes a 30- to 60-minute incubation between each precipitation 
step. 

The data on protein recovery, resolution, and recovery of 
activity after recombination of the apoenzyme with FAD fora 
typical preparation of apocytochrome b; reductase are shown in 
Table I. This procedure consistently gave better than 98% 
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resolution and 75 to 90% recovery of native protein as meas- 
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ured by the ability of these proteins to recombine with FAD 
to yield active cytochrome 6; reductase. Although the final 
acid ammonium sulfate precipitation in particular does result 
in some protein denaturation, and the over-all loss of protein 
varies between 10 and 25%, this step is essential for achieving 
virtually complete resolution of the flavoprotein. The protein 
loss reflects both incomplete packing of the precipitate during 
the short centrifugation in each step and the formation of some 
insoluble denatured protein during the final precipitation step. 
Fortunately, as the value for the specific activity of the recom- 
bined cytochrome 6; aporeductase indicates, any denatured 
protein becomes insoluble and is discarded so that the final 
preparation is essentially homogeneous cytochrome 6; aporeduc- 
tase. Such preparations were used in all of the experiments 
reported below. 

Stability of Cytochrome 6; Aporeductase—Aporeductase solu- 
tions containing from 1 to 5 mg of protein in 0.1 m Tris acetate- 
0.001 m EDTA buffer, pH 8.1, can be stored at —15° for months 
without undergoing appreciable denaturation. Repeated slow 
freezing and thawing has little effect on such protein solutions. 
At 0-5° these relatively concentrated solutions of the apoenzyme 
are stable for several days; however, dilute solutions of the 
protein in the same buffer, e.g. 10-* m protein, will undergo 20 
to 30% denaturation in 20 hours. If the temperature of a dilute 
or concentrated solution of the apoenzyme in the same Tris 
buffer is raised to 25°, protein denaturation is markedly ac- 
celerated and a totally inactive protein precipitate forms in 10 
to 30 minutes depending on the protein concentration. 

Absorption Spectra of Reductase, A poreductase, and A poreduc- 
tase Complexes with FAD, FMN, and Riboflavin—The absorp- 
tion spectra of cytochrome b; reductase and cytochrome b; apo- 
reductase, alone and in the presence of 1 equivalent of FAD or 
FMN, are shown in Fig. 2. The absorption spectrum of the 
aporeductase (Curve 2) shows only a single absorption band 
with a maximum at 280 my which reflects light absorption by 
the aromatic amino acid residues, and the typical absorption 
band for proteins below 240 mp. The absence of the flavin 
absorption bands at 390 and 460 my indicates that there is 
virtually eomplete resolution of the flavoprotein. The addition 
of 1 equivalent of FAD to the aporeductase (Curve 3) results 
in an absorption spectrum almost identical with that of the 
original reductase (Curve 1). The slightly higher absorption 
by the reconstituted preparation in the low wave length region 
probably arises from the trace impurities known to be present 
in the FAD preparation. The coincidence of the remainder of 
the two spectra indicates that complete recombination of the apo- 
reductase with FAD has occurred. FMN also combines with 
aporeductase (Curve 4) to yield a flavoprotein which is spectrally 
indistinguishable from the original reductase from 300 to 600 
mu. The difference in the absorption spectra of the FMN 
complex and the original reductase from 240 to 300 muy reflects 
the differences in the absorption spectra of FMN and FAD in 
this wave length region. Appreciable binding of riboflavin to 
the apoenzyme occurs only at relatively high concentrations of 
the flavin; therefore, an accurate spectrum of the riboflavin- 
apoprotein complex was not obtained. 

Enzymatic Activities of Aporeductase with FAD, FMN, and 
Riboflavin as Prosthetic Group—The activity of the aporeductase 
with either FAD, FMN, or riboflavin in the standard assay 
system is shown in Table II. The maximal velocity observed 
in the standard assay system with FMN is approximately 66% 
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TaBLe [ 
Protein recovery and resolution of typical 
cytochrome bs aporeductase preparation 
Total activity* > " 
. rotein | Specific activity | Reso- 
Preparation content* - + FAD lution 
| -FAD | +FAD 
| pmoles DPNH 
| pmoles DPNH a é 
| “oxidized/min | ™S | = 
Original reductase....| 2,900! 2,900) 3.8 765 
Aporeductase........ | 40 2,460 3.2 767 | 98.7 
| 
* See ‘Experimental Procedure” for methods. 
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Fic. 2. Absorption spectra of cytochrome b; reductase, apore- 
ductase, and aporeductase plus FAD or FMN. Spectra were 
determined with the recording spectrophotometer at 2-5° as de- 
scribed in ‘Experimental Procedure.’’ The protein spectra were 
read in 0.1 m Tris acetate-0.001 m EDTA buffer, pH 8.1. The 
values are based on the molar extinction coefficients of the flavo- 
protein and apoprotein as described in ‘Experimental Proce- 
dure.’ Curve 1, original cytochrome b; reductase; Curve 2, apore- 
ductase; Curve 3, aporeductase plus 1 equivalent of FAD; Curve 
4, aporeductase plus 1 equivalent of FMN. 


TABLE II 


Activity of cytochrome b; aporeductase 
with FAD, FMN, or riboflavin 




















Activity* 
Flavin Concentration flavin 
—Apoenzyme | +Apoenzyme 

M A A/min 
ere 5 X 10°° 0.000 | 0.142 
2. Ras Ars eee! 5 xX 107 0.000 0.142 
EN eee 5 X 10-8 0.000 | 0.131 
EE 5 X 10-9 0.000 | 0.109 
| SS pe ee eee 5 X 10-6 0.000 0.096 
0 Ce ee ee erat: 5 X 10°° 0.000 0.053 
Ribotlavilt. . . 2... 6ib6s. § xX lo-* 0.009 0.033 





* Assayed in the standard assay system as described in ‘“‘Ex- 
perimental Procedure.’”’ The protein concentration was 0.9 X 
10-° M. 
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of that observed with FAD; this indicates that the AMP portion 
of the FAD is not essential for the formation of an enzymatically 
active flavoprotein. Whereas the K,, value for the FAD-en- 
zyme complex from the reactivation studies at low flavin con- 
centrations shown in Table II appears to be less than 10-° m, 
the data for FMN indicate that the K,, value for FMN is 2 to 4 
X 10-° om. 


TaBLe III 


Stoichiometry of FAD and FMN binding to 
cytochrome b; aporeductase 





| i Pos coe 








| Fluorescencet Flavin 
bound 
Flav: Flavin neal Flavin 
ne present* addedt ‘er a ” | eaareraee 
| —Apore- | +Apore- Aporeduc- 
| ductase | ductase tase 
umole | umole umole 
- } | | oo 1 a 
FMN 0.00035) 0.00024 82.0 28.7 | 0.00023 0.96 
4.3 | 0.00024 | 1.00 


7 | 0.00037) 0.00024) 11.5 





* The concentration was determined from the 450-my absorb- 
ancy and a molar extinction coefficient of free flavins of 11,300 
for FAD and 12,200 for FMN. 

+ The aporeductase concentrations were determined as de- 
scribed in ‘‘Experimental Procedure.”’ 

t The FAD fluorescence values have been corrected for 7% 
non-FAD fluorescence of the particular flavin sample used by sub- 
tracting from each value the fluorescence which is not quenched 
by a large excess of apoenzyme. In the case of FMN, a 4% cor- 
rection was made for fluorescence which was not quenched by ex- 
cess apoenzyme. See ‘‘Experimental Procedure’’ for the details 
of the fluorescence measurements. All measurements were made 
in microcells containing 0.10 ml of 0.1 m Tris acetate-0.001 m 
EDTA buffer, pH 8.1, at 24°. The values are meter deflection 
units observed with a sensitivity setting of 50 and a multiplier 
setting of 0.01 on the photomultiplier. 
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Fic. 3. Apparent dissociation constant of the FMN-aporeduc- 
tase complex. The curve was calculated for a dissociation con- 
stant of 0.8 X 10°? mM. @, experimental values representing the 
amount of fluorescence quenching as arbitrary meter units at vari- 
ous concentrations of FMN in 1.0 ml of Tris acetate-0.001 m EDTA 
buffer, pH 8.1, containing 1.0 X 10-7 m aporeductase. See “Ex- 
perimental Procedure”’ for details of the fluorescence measure- 
ments. 
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Measurement of Stoichiometry of Flavin Binding from Flavin 
Fluorescence Quenching—Microsomal cytochrome 6; reductase 
does not show appreciable fluorescence at 530 mu when excited 
at either of the two flavin absorption bands at 370 to 390 mu 
or 450 to 465 mu. For this reason, the stoichiometry of flavin 
binding could be directly measured by the quenching of the 
free flavin fluorescence when the flavin is added to the apore- 
ductase. As Table III shows, exactly 1 mole of FAD or FMN 
is bound to cytochrome }; aporeductase. In each case, an ex- 
cess of flavin was used and the amount of flavin bound was cal- 
culated from the decrease in flavin fluorescence after the addi- 
tion of a known amount of apoenzyme. In the case of FAD 
binding, a correction for non-FAD fluorescence was made by 
measuring the residual fluorescence after the addition of a large 
excess of apoenzyme to an FAD solution. The affinity of ribo- 
flavin for the apoenzyme was so low that the measurement of 
the stoichiometry of the reaction was not possible. 

Dissociation Constants of FAD, FMN, and Riboflavin Com- 
plexes with Cytochrome b; Aporeductase—The combination of a 
very high affinity of FAD for the aporeductase and the lower 
fluorescence of this flavin compared to FMN (11) made it diffi- 
cult to determine an accurate dissociation constant for the 
FAD-aporeductase complex by measurements of fluorescence 
quenching. The best determinations with the highest sensi- 
tivity of the spectrophotofluorometer indicate that the apparent 
dissociation constant for FAD is less than 10-9 m. A more 
reliable value was obtained for the FMN-apoenzyme complex. 
The experimental points for FMN binding to aporeductase at 
low flavin concentrations fit well with the theoretical curve 
calculated for an apparent dissociation constant of 0.8 x 10° 
mM (Fig. 3). Because FAD is bound to the apoenzyme much 
more tightly, one equivalent of FAD completely displaces 
FMN from the FMN-apoenzyme complex in less than 5 minutes 
at 0° and 2 x 10-° m concentrations of FMN-apoprotein com- 
plex and FAD as indicated by the appearance of the marked 
fluorescence of free FMN. A very approximate value of 2 X 
10-° m for the apparent dissociation constant for the riboflavin- 
aporeductase complex was calculated from the small amount of 
fluorescence quenching of riboflavin which occurs when 2 X 
10-* m aporeductase and riboflavin are mixed. 

Inhibition of FMN Binding to Cytochrome b; Aporeductase— 
Table IV shows the effects of several reagents on the binding of 
FMN to the aporeductase. At the relatively high concentra- 
tions used, ADP-ribose, which contains the nucleotide portion 
of the FAD structure that is not present in FMN, had no effect 
on FMN binding. Sulfhydryl groups are not involved in flavin 
binding because neither of the two sulfhydryl group reagents, 
N-ethyl maleimide and p-chloromercuribenzoate, affected this 
reaction. Trinitrobenzene sulfonate, which supposedly reacts 
specifically with amino groups (12), produced a marked inhibi- 
tion of flavin binding but only after prolonged incubation with 
the apoprotein at 0° and at relatively high concentrations of the 
reagent. The experimental conditions which resulted in com- 
plete inhibition of flavin binding by excess iodine are most favor- 
able for substitution in phenolic groups; however, other fune- 
tional groups of amino acid residues, particularly sulfhydryl, 
imidazole, and indole groups, may react with iodine under these 
conditions (13). 

Stoichiometry of Iodine Inhibition of FMN Binding to Cyto- 
chrome bs Aporeductase—Iodine will inhibit recombination with 
aporeductase completely only on the addition of 5 to 6 moles 
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TaBLe IV T T T T 1 r 
Inhibition of FMN binding to aporeductase 
_ l 0.07 - ~ 
Concentra- Condition* Inhibition ror, 
Reagent tion of of FMN Pf d 1 
| reagent Buffer pH | Time | bindingt 006 + “dite a 
casa ae / \ 
M | min | % pes a 4 \ ql 

Adenosinediphos- S 005 h 2 \ 

phate ribose......) 10-3 Tris $1. | 10: | 0 = rua \ 
p-Chloromercuri- | | 3 004 + y 3 1 \ 4 

benzoate.......... | 10-5 Tris 8.1 | 10 0 pa] ; \ \, 
N-ethyl maleimide . i 10-* | Tris 8.1 | 30 0 <0Q03- J ‘ \ 4 
N-ethyl maleimide..; 10-6 Borate 9.1} 30 0 = y x \ 
Trinitrobenze — sul- | | one + / \ has 4 

ree | 2 X 10-8| Phosphate] 7.5 | 20 17 x \ \ 
Trinitrobenze _ sul- | 001 i * Q | 

fonate.............| 4 X 10-*| Phosphate| 7.5 | 300 75 ‘ x 
eae | 10-§ | Borate 9.1) 5 100 0 ; to. am, 

* In all cases the reagent was incubated with 0.00016 umole of 280 290 300 310 320 330 340 


aporeductase in 0.09 ml of 0.1 m buffer as indicated. 

t Inhibition was measured as the per cent inhibition of maxi- 
mal fluorescence quenching of 0.0002 umole of FMN by 0.00016 
smole of aporeductase when 0.0002 umole of FMN in 0.01 ml was 
added to each incubation mixture. Fluorescence measurements 
were made as described in ‘‘Experimental Procedure.’’ 


t The iodine reagent was prepared as described in ‘“Experi- 
mental Procedure.’’ 
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Fic. 4. The inhibition of FMN binding to N-ethyl maleimide- 
treated aporeductase by iodine. For each point on the curve, 
0.00034 pmole of aporeductase was incubated at 0° in microcells 
for 15 minutes with 0.0020 umole of N-ethyl maleimide in 0.08 ml 
of 0.1 m sodium borate, pH 9.1. From 0 to 0.001 umole of iodine 
reagent (see ‘‘Experimental Procedure’’) was then added. After 
3 minutes 0.00037 umole of FMN in 0.01 ml of 0.1 m sodium borate 
buffer, pH 9.1, to make a final volume of 0.10 ml, was added and 
the extent of the flavin binding was determined by measuring the 


extent of flavin quenching as described in ‘Experimental Proce- 
dure.” 








WAVELENGTH (mp) 


Fic. 5. Difference spectrum of N-ethyl maleimide derivative of 
aporeductase after and before reaction with iodine. The record- 
ing spectrophotometer was used to obtain the spectra, as described 
in ‘‘Experimental Procedure,’’ in 0.30 ml of 0.1 m borate buffer pH 
9.1 at 2°. Curve 1, difference spectrum of 0.0034 umole of diiodo- 
tyrosine and 0.0034 umole of tyrosine; Curve 2, difference spectrum 
of 0.0034 »mole of aporeductase which had been incubated for 15 
minutes with 0.02 umole of N-ethyl maleimide, 5 minutes after 
the addition of 0.0068 ymole of iodine reagent (see ‘‘Experimental 
Procedure’’) and before the iodine addition; Curve 3, difference 


spectrum of 0.0034 umole of monoiodotyrosine and 0.0034 yumole 
of tyrosine. 


of iodine per mole of protein. However, if the free sulfhydryl 
groups on the protein are first blocked during a prior incubation 
with excess N-ethyl maleimide (Fig. 4), a procedure which does 
not affect the binding of FMN to the apoenzyme (Table IV), a 
simpler stoichiometry is observed between the inhibition of 
flavin binding to the aporeductase and the amount of iodine 
which is allowed to react with the apoenzyme. For each point 
on the curve, the extent of flavin binding was determined after 
the amount of iodine indicated had reacted with an aliquot of 
N-ethyl maleimide-treated aporeductase. As shown in Fig. 4, 
the inhibition is proportional to the amount of iodine added 
and is over 90% complete when 2 moles of iodine per mole of 
protein were added. 

The nature of this iodine inhibition of flavin binding was 
examined by determining the difference spectrum of the N-ethy] 
maleimide-treated apoenzyme after iodine addition and alone. 
Fig. 5 clearly shows that the addition of 0.0068 umole of iodine 
to 0.0034 umole of aporeductase, which had previously been 
incubated with N-ethyl maleimide (Curve 2), results in the ap- 
pearance of an absorption band from 280 to 350 my which is 
almost identical with the spectrum of 0.0034 umole of diiodo- 
tyrosine (Curve 1). The slight differences in these two absorp- 
tion spectra can be attributed to the formation of a small amount 
of monoiodo tyrosyl groups (Curve 3). FMN binding to this 
preparation was inhibited completely. Inasmuch as 2 moles of 
iodine are involved in the formation of diiodotyrosine (13), only 
a single phenolic group of the apoprotein-N-ethyl maleimide de- 
rivative appears to have reacted with iodine under the condi- 
tions which lead to total inhibition of flavin binding. 
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DISCUSSION 


Since the original experiments of Warburg and Christian on 
the resolution of p-amino acid oxidase by acid ammonium sulfate 
precipitation (14), the partial or complete resolution of a num- 
ber of flavoproteins has been achieved (15-19). The studies of 
Theorell et al. on the old yellow enzyme (20-23) represent the 
most detailed experiments on the nature of the flavin binding in 
a particular one of these proteins. In this case it was shown 
that 2 moles of FMN per mole of protein appear to be bound 
to the protein by bonds involving tyrosyl and amino groups of 
the peptide chain. The object of the present study was to 
examine the nature of the binding of the flavin in microsomal 
cytochrome b; reductase. This is of particular interest because, 
except for the remarkably similar absorption spectra of the two 
oxidized proteins (2, 24), cytochrome 6; reductase and the old 
yellow enzyme differ in a number of basic properties. The 
prosthetic group of the reductase is FAD rather than FMN and 
it is specific for DPNH whereas the old yellow enzyme reacts 
with TPNH. In addition, the electron acceptor specificity and 
catalytic activities of the two proteins are not similar and they 
form spectrally distinct types of complexes in reacting with 
reduced pyridine nucleotides (3, 25); they require only in the 
case of the reductase one intact protein sulfhydryl group. 

The preparation of the aporeductase apparently results in at 
least a partial reversible denaturation of the protein to a form 
which cannot react with flavins to yield the active holoenzyme. 
Simple incubation at a slightly alkaline pH, however, results in 
preparations which react with FAD in stoichiometric amounts 
to yield a flavoprotein which is indistinguishable from the origi- 
nal reductase. With these preparations the quantitative studies 
on the structural requirement for the flavin and the effects of 
group-specific reagents on flavin binding were possible. 

Whereas 1 mole of either FAD or FMN is bound to the apo- 
reductase, the dinucleotide is bound much more tightly and 
yields a flavoprotein of slightly higher catalytic activity. Inas- 
much as the addition of ADP-ribose in a large excess has no 
effect on FMN binding and because both flavins yield indistin- 
guishable flavoprotein absorption spectra from 300 to 600 mu, 
the role of the AMP portion of the dinucleotide structure in 
binding to the apoprotein remains obscure. It is apparent, 
however, from the relatively low affinity of the apoprotein for 
riboflavin that one or both of the phosphate groups of FAD 
must be involved in the interaction of the flavin with the apo- 
protein. 

The observation, that neither p-chloromercuribenzoate nor 
N-ethyl maleimide effects the binding of flavins to the apo- 
enzyme, shows clearly that sulfhydryl groups are not involved 
in flavin binding. The appearance of a fourth sulfhydryl group 
during flavoprotein denaturation by Duponol (5) must, there- 
fore, be only coincidental with flavin release from the protein. 
Although the inhibition of flavin binding by trinitrobenzene 
sulfonate suggests that one or more amino groups do participate 
in flavin binding, it will be necessary to demonstrate that this 
reagent, as in the cases so far reported (12, 26), is in fact spe- 
cific for free amino groups. 

The results of the experiments with iodine strongly suggest 
that one specific and highly reactive tyrosyl residue is involved 
in flavin binding to the aporeductase. Once the free sulfhydryl 
groups on the apoprotein are blocked with N-ethyl maleimide, 
the inhibition of flavin binding is proportional to the iodine 
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added and is almost complete when 2 moles of iodine per mole 
of reductase have been added. Most of the iodine reacts to furm 
diiodotyrosyl groups on the protein in a reaction which has been 
shown to involve 2 moles of iodine per mole of protein (13). The 
small amount of iodine, which is not accounted for as diiodo- 
tyrosyl groups and may have reacted to form monoiodotyrosy] 
groups or with other amino acid residues, could not account for 
the observed stoichiometry of the inhibition. These experi- 
ments, which directly implicate a single tyrosyl residue in flavin 
binding in cytochrome 6; reductase, are of interest in relation 
to experiments by Paul (23) on the flavin binding in the old 
yellow enzyme in which the involvement of a tyrosyl group in 
FMN binding was suggested by inhibition studies with an excess 
of iodine. Although Kuhn and Boulanger (27) and Weber (28) 
have suggested that the imino group in position 3 of flavins may 
be involved in fluorescence quenching in flavoprotein, from the 
present limited information it is impossible to decide whether or 
not the tyrosyl residue which appears to participate in flavin 
binding to the aporeductase may be involved in interaction with 
this imino group. 


SUMMARY 


1. The preparation of cytochrome }; aporeductase was de- 
scribed in which over 98% resolution of the flavoprotein was 
achieved with 75 to 90% recovery of undenatured apoenzyme. 

2. The absorption spectra of the apoprotein and its complexes 
with flavin adenine dinucleotide and flavin mononucleotide were 
examined. 

3. The catalytic activity of the flavin adenine dinucleotide, 
flavin mononucleotide, and riboflavin complexes with the apore- 
ductase were measured and used to determine the approximate 
K,, values for these flavins. 

4, The stoichiometry of flavin binding and the apparent dis- 
sociation constants for flavin adenine dinucleotide, flavin mono- 
nucleotide, and riboflavin were determined by the measurement 
of flavin fluorescence quenching. 

5. Sulfhydryl groups are not involved in flavin binding inas- 
much as it is unaffected by p-chloromercuribenzoate and N-ethyl 
maleimide. 

6. The slow inhibition of flavin mononucleotide binding by 
excess trinitrobenzene sulfonate suggests the participation of 
amino groups in flavin binding. 

7. The direct participation of one specific tyrosyl residue in 
flavin binding to the aporeductase is indicated by the almost 
complete inhibition of flavin mononucleotide binding to an 
N-ethyl maleimide derivative of the aporeductase by the forma- 
tion of 1 mole of diiodotyrosyl groups per mole of apoprotein. 


Acknowledgment—The author is indebted to Dr. George R. 
Drysdale for helpful discussion and criticism. 
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Reduced pyridine nucleotides react with microsomal cyto- 
chrome b; reductase to form enzyme complexes in which the 
pyridine nucleotide appears to be oxidized and the flavin reduced 
(2,3). It is assumed that the first step in this reaction involves 
binding of the reduced pyridine nucleotide to the oxidized flavo- 
protein (3). Although oxidized pyridine nucleotides are not 
bound tightly to the oxidized enzyme, at high concentrations 
they do inhibit reduced pyridine nucleotide interaction with the 
enzyme; this indicates that there is some degree of affinity for 
both oxidized as well as reduced nucleotides at a particular en- 
zyme-binding site (3). One specific protein sulfhydryl group 
has been shown to be involved in all of these reactions (4). 
With the preparations of almost completely resolved and homo- 
geneous cytochrome 6; aporeductase (5), it has now been possible 
to measure directly the binding of reduced pyridine nucleotides 
to the apoenzyme, thus isolating what may be the first step in 
the over-all oxidation of reduced diphosphopyridine nucleotide 
in the microsomal cytochrome b; reductase system. In these 
studies it was possible to determine the stoichiometry of pyridine 
nucleotide binding to the apoenzyme, the apparent dissociation 
constants of pyridine nucleotide-apoenzyme complexes, and 
some of the characteristics of these complexes. The data suggest 
that one specific sulfhydryl group is directly involved in pyridine 
nucleotide binding to the apoenzyme and that the phosphate 
groups of the nucleotide may also be involved in bonding to other 
protein groups. 


EXPERIMENTAL PROCEDURE 


Absorption spectra and apoenzyme concentration were de- 
termined as described previously (5). The fluorescence meas- 
urements were made as described by Velick! (6), and in the 
accompanying paper (5). Both the activation and emission 
spectra of the pyridine nucleotides and their complexes with 
aporeductase at 2-5° have been recorded. For each type of 
spectrum, the wave length of maximal activation or of emission 
was used while either the emission or the activation spectrum 
was determined. The preparations of cytochrome b; reductase 
and cytochrome b; aporeductase described previously (5, 7) were 
used for these experiments. The pyridine nucleotides, p-chlo- 
romercuribenzoate, and N-ethyl maleimide were obtained from 
either the Sigma Chemical Company or the Pabst Laboratories. 


* A preliminary report of this work is in press (1). This in- 
vestigation was supported by Research Grants H-5514 from the 
United States Public Health Service, and NSF-G4552 from the 
National Science Foundation. 

1 Tam indebted to Dr. S. F. Velick for the use of this apparatus. 


RESULTS 

Absorption Spectra of DPNH and 3-Acetylpyridine-*DPNH in 
Presence of Cytochrome b; Aporeductase—The absorption spectra 
of 0.002 umole of either DPNH or 3-acetylpyridine-*DPNH in 
the presence of 0.002 umole of aporeductase are identical with 
those of the free reduced nucleotides from 300 to 600 my in 0,20 
ml of 0.1 m Tris acetate-0.001 m EDTA? buffer, pH 8.1. Any 
complex formation between reduced pyridine nucleotides and 
the aporeductase, therefore, does not involve bonding which 
results in a change in the absorption spectrum of the reduced 
nicotinamide ring. 

Fluorescence Spectra and Stoichiometry of Cytochrome bs Apo- 
reductase Complexes with DPNH and 3-Acetylpyridine-* DPN H— 
Figs. 1 and 2 show the changes in the fluorescence activation 
and emission spectra of DPNH and 3-acetylpyridine-*DPNH 
when they are added to 1 equivalent of aporeductase. For 
both nucleotides the wave length for maximal activation is u- 
changed by apoenzyme addition (Curves 1 and 2 in both Figs,), 
as would be expected from the absorption spectra data discussed 
above. The formation of reduced pyridine nucleotide complexes 
with the aporeductase is clearly indicated in each case, however, 
by the marked enhancement of the nucleotide fluorescence and 
the shift in the wave length of maximal fluorescence in the pres- 
ence of 1 equivalent of the aporeductase. 
(Fig. 1), there is almost a doubling of the fluorescence intensity 
(Curves 1’ and 2’) and a change in the wave length for maximal 
emission from approximately 460 to 440 mu, whereas for the 


3-acetylpyridine-*DPNH (Fig. 2) there is a shift from 475 to | 


460 mu with a 3-fold increase in fluorescence intensity (Curves I' 
and 2’). 

The fluorescence emission spectrum of TPNH, which has been 
shown to react extremely slowly with cytochrome b; reductase 
(3), was changed only slightly on the addition of 4 equivalents 


In the case of DPNH | 


of aporeductase under conditions similar to those used in obtain | 


ing the data for Figs. 1 and 2. With this excess of enzyme, the 
fluorescence intensity of the TPNH was only increased approx: 
mately 20 to 30% with a shift in the wave length of maximil 
fluorescence from 460 to 455 mu. 


Assuming that the amount of reduced pyridine nucleotid | 


bound to protein is directly proportional to the increase i 
fluorescence in the presence of the aporeductase, it is possible to 
titrate the aporeductase with reduced pyridine nucleotides st 
relatively high protein concentrations to determine the stoichi- 


2 The abbreviation used is: EDTA, ethylenediaminetetraacetit 
acid. 
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Fic. 1. Fluorescence emission and activation spectra of DPNH 
and DPNH bound to aporeductase. The spectra were determined 
on 0.10 ml of 0.1 m Tris acetate-0.001 m EDTA buffer, pH 8.1, 
at 2-5°, as described in ‘‘Experimental Procedure’’ and in the 
accompanying paper (5). The fluorescence is given in arbitrary 
meter units with the particular multiplier setting of 0.003 and a 
sensitivity setting of 50 on the photomultiplier, and is corrected 
for the small amount of fluorescence of the buffer and the protein. 
For the activation spectra, the wave length of maximal emission 
was used to record fluorescence, whereas for the emission spectra 
a wave length of 340 my was used for activation. Curve 1, activa- 
tion spectrum of 0.0002 umole of DPNH; Curve 2, activation spec- 
trum of 0.0002 nmole of DPNH and 0.0002 umole of aporeductase; 
Curve 1‘, emission spectrum of 0.0002 umole of DPNH; Curve 2’, 
emission spectrum of 0.0002 umole of DPNH and 0.0002 umole of 
aporeductase. 


ometry of the apoenzyme-nucleotide complexes. This was done 
for DPNH and the 3-acetylpyridine-*DPNH as shown in Fig. 3. 
For each nucleotide the increase in fluorescence at the wave 
length of maximal fluorescence of the complex over that of an 


' equivalent amount of free nucleotide is plotted for the addition 


of varying amounts of the nucleotide to the aporeductase. As 


| the curves show, exactly 1 mole of either DPNH (Curve 1) or of 


d-acetylpyridine-*DPNH (Curve 2) is bound per mole of apore- 
ductase. 

Apparent Dissociation Constants of Reduced Pyridine Nucleotide 
Complexes with Cytochrome b; Aporeductase—At low nucleotide 
concentrations it was possible to measure the apparent dissocia- 
tion constants for the DPNH and the 3-acetylpyridine-*DPNH 
complexes with the apoprotein (Fig. 4). Curve 1 shows that the 
experimental points for DPNH fit the curve calculated for a 
dissociation constant of 4.0 x 10-7 m fairly well. Similarly, 
Curve 2 compares the experimental data for 3-acetylpyridine- 
*‘DPNH with a curve calculated for a dissociation constant of 
15 X 10-7 m. In both cases the increase in fluorescence at the 
wave length of maximal fluorescence of the complex over the 
fluorescence of the nucleotide at this wave length was plotted 
against the concentration of nucleotide. The experiments, at 
these nucleotide concentrations, were performed at the limits of 
the sensitivity of the spectrophotofluorometer so that small 
deviations between experimental points and the calculated 
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curves did occur. The apparent dissociation constants for both 
nucleotides are lower than the K» value of 2.7 < 10-® m calcu- 
lated from kinetic data for DPNH (7) in the cytochrome }; 
reductase system. Inasmuch as the kinetic experiments were 
performed at the limits of the spectral technique and gave only 
a rough approximation of the K,, value, the difference of approxi- 
mately 6-fold in this value and the observed dissociation con- 
stant of DPNH with the apoenzyme may not be significant. 
From the data of Fig. 4 it would appear that the 3-acetylpyridine- 
*DPNH is bound slightly more tightly to the aporeductase than 
is DPNH. 

Effect of DPN and ADP-Ribose on Reduced Pyridine Nucleo- 
tide Binding to Cytochrome b; A poreductase—When either DPN 
or adenosinediphosphate ribose is added to the DPNH or the 
3-acetylpyridine-*DPNH complex with the aporeductase (Table 
I), there is a decrease in fluorescence which indicates a dissocia- 
tion of the complex, presumably by the displacement of the 
reduced pyridine nucleotide by either DPN or ADP-ribose. 
Inasmuch as there was no free aporeductase in the cells before 
the nucleotide additions to the reduced pyridine nucleotide-apo- 
enzyme complexes in the experiments reported in Table I, and 
assuming that in each case the added nucleotide was bound to 
the aporeductase in displacing the reduced pyridine nucleotide, 
dissociation constants for the DPN-aporeductase and for the 











5} f\ fe 
2 PA \ 
Saal eau 
| \ : 
10 } fen pol 
s/ ra. iy 





l 1 l l L 
350 400 450 500 550 

WAVELENGTH (Tm) 

Fic. 2. Fluorescence emission and activation spectra of 
3-acetylpyridine-*DPNH and 3-acetylpyridine-*DPNH bound 
to the aporeductase. The spectra were determined in 0.10 ml of 
0.1 m Tris acetate-0.001 m EDTA buffer, pH 8.1 at 2-5°, as de- 
scribed in “Experimental Procedure’”’ and in the accompanying 
paper (5). The fluorescence is given in arbitrary meter units with 
the particular multiplier setting of 0.003 and a sensitivity setting 
of 50 on the photomultiplier and is corrected for small amount of 
fluorescence of the buffer and the protein. For the activation 
spectra the wave length of maximal emission was used to record 
fluorescence whereas for the emission spectra a wave length of 
365 my was used for activation. Curve 1, activation spectrum of 
0.0004 umole of 3-acetylpyridine-*DPNH; Curve 2, activation 
spectrum of 0.0004 umole of 3-acetylpyridine-*DPNH and 0.0004 
pmole of aporeductase; Curve 1’, emission spectrum of 0.0004 
umole of 3-acetylpyridine-*DPNH; Curve 2’, emission spectrum of 
0.0004 umole of 3-acetylpyridine-*-DPNH and 0.0004 umole of 
aporeductase. 
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T T T T T T t prepared, the complex can be dissociated by the addition of | 
250 F 2 7 stoichiometric amounts of p-chloromercuribenzoate (Fig. 5), | 
a The dissociation of the complex is directly proportional to the 
= 22.5 + . p-chloromercuribenzoate added and is complete when exactly | Es 
= mole of the sulfhydryl group reagent per mole of reduced pyridine | 
S 200F 4 nucleotide-apoenzyme complex has been added. 
a Effect of Reduced Pyridine Nucleotides on Fluorescence of 
ty 175+ 5 A poreductase—It has been shown by Velick (6) that the addition DP 
tc of DPNH to two dehydrogenases results in the quenching of g DP 
5 [50+ 4 large portion of the protein fluorescence which is activated at DP. 
290 my and has an emission spectrum with a maximum at 350 DP. 
= 125+ a mu. The aporeductase has a similar fluorescence emission DP. 
ax spectrum with a maximum at 350 my when activated at 285 3-A 
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i quenching of this fluorescence, approximately 10 to 15% at 350 * 
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Fic. 3. Stoichiometry of DPNH and 3-acetylpyridine-*DPNH 
binding to the aporeductase. For each curve, the increase in 
fluorescence at the wave length of maximal fluorescence of the 
particular complex over that of an equivalent amount of the free 
nucleotide is plotted for the addition of varying amounts of the 
nucleotide to the aporeductase in 0.10 ml of 0.1 m Tris acetate- 
0.001 m EDTA buffer, pH 8.1 and 2-5°. The activation wave 
lengths used were 340 my for DPNH and 365 mu for 3-acetylpyri- 
dine-*DPNH. Fluorescence emission was recorded at 440 my for 
DPNH and at 460 mu for the 3-acetylpyridine-*DPNH, with a 
multiplier setting of 0.003 and a sensitivity setting of 50 on the 
photomultiplier. Curve 1, DPNH addition to 0.0002 umole of 
aporeductase; Curve 2,3-acetylpyridine-* DPNH addition to 0.0004 
umole of aporeductase. 
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DP} 
ADP-ribose-aporeductase complexes were calculated as indicated 0 ! n n n n 
in the last column of the Table. The values for the dissociaton 0 S 10 IS 20 25 DP 
constant for ADP-ribose, calculated under several conditions NUCLEOTIDE M x10 ee 
and with either the DPNH or the 3-acetylpyridine-*DPNH Fic. 4. The apparent dissociation constants for the DPNH and 3-Ac 
complex, are in fairly good agreement. From these calculations the 3-acetylpyridine-*DPNH complexes with aporeductase. In *y 

; ‘ - ee ‘ each case the increase in fluorescence at the wave length of maxi- 

the aporeductase seems to bind ADP-ribose, which lacks only mal fluorescence of the particular complex over that of an equiva- | TPN 


- the nicotinamide group of DPN, more tightly than it does the ent amount of the free nucleotide is plotted for the addition of 
oxidized pyridine nucleotide itself. The 20 to 30% increase in varying amounts of the nucleotide to the aporeductase in 1.00 ml 
TPNH fluorescence, which occurs when 4 equivalents of apore- of 0.1 m Tris acetate-0.001 m EDTA buffer, pH 8.1 and 2-5. + 


ductase are added to the nucleotide, is completely abolished by h¢ #¢tivation w a Used ware 369 ap for SPN mee 

More ee ae DPN my for 3-acetylpyridine-*DPNH. Fluorescence emission waste | 949, 
/ equivalent of either ADP-ribose or 5 Oe corded at 440 mu for DPNH and at 460 my for 3-acetylpyridine- F 
Effect of Sulfhydryl Group Reagents on DPNH and 3-Acetyl- *DPNH with a multiplier setting of 0.001 and a sensitivity setting - 








pyridine-*DPNH Complexes with Cytochrome b; Aporeductase— of 50 on the photomultiplier. Curve 1, circles are experimental for 1 
The interactions of DPNH, the 3-acetylpyridine-*DPNH, and values for DPNH addition to 0.00032 umole of aporeductase and P t 
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bation of the apoprotein with either p-chloromercuribenzoate or ' (aporeductase free (DPNH)tree_ ‘ 
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TABLE I 


Inhibition of reduced pyridine nucleotide binding to aporeductase by DPN and 
ADP-ribose and calculated dissociation constants for these nucleotides 











i | 
3 : Inhibit f | Calculated di - 
Reduced nucleotide pecpton sf.) wuceouae | Cyrcentmtion| Concertina | Athan] Heated ie 
| 
M M | M | % M 
ere ae er | 3.6 X10 | DPN 10-* | 3.6 x 10-8 13 | 1.1 x 10-5 
I iss cs chxiconea aeeahiendaaiads 3.6 X10-* | DPN | 105 | 3.6 x 10-5 7 =| 11 xX 10° 
sc ettcvenctinns Site! 3.6 X10-* | ADP-ribose 1-> =| 1.8.x 10-8 33Cti‘|CO2.4 xX 10-8 
RR eae 3.6 X10-* | ADP-ribose 10-* =| 3.6 x 10-8 71 =| 3.1 X 108 
i a 3.6 X10-* | ADP-ribose 10-8 3.6 X 10-8 4 =| 2.8 x 10-8 
3-Acetylpyridine-*DPNH........... 2.35 X 10-* | ADP-ribose > | 18x 10° 44 1.3 X 10-8 
3-Acetylpyridine-*DPNH........... 2.35 X 10-6 ADP-ribose 2x i Le x 65 0.9 X 10-6 








* The measurement of the concentration of aporeductase is described in ‘‘Experimental Procedure.”’ 


Incubations were carried out 


in 0.10 ml of 0.1 m Tris acetate-0.001 m EDTA buffer, pH 8.1 at 2-5°. 
+ The inhibition was measured by the decrease in fluorescence when the concentration of nucleotide indicated was present in the 
cell compared to a cell from which the nucleotide was omitted. Complete binding of the aporeductase by reduced nucleotide was 


measured by the difference in fluorescence of the reduced nucleotide with and without aporeductase. 


The fluorescence measurements 


were made with a multiplier setting of 0.003 and a sensitivity setting of 50 on the photomultiplier as described in ‘‘Experimental 


Procedure.”’ 
at 440 mz for DPNH and at 460 my for the analogue. 


The excitation wave lengths were 340 mu for DPNH and 365 my for 3-acetylpyridine-*DPNH. Emission was recorded 


t Dissociation constants for the nucleotide were calculated from the relationship, 


0 Kreduced nucleotide (aporeductase-reduced nucleotide complex) 





(aporeductase) = 


(reduced nucleotide) free 


Koaucteotiae (aporeductase-nucleotide complex) 





(nucleotide) tree 


assuming that all of the aporeductase is bound. 


TaBLe II 


Inhibition of nucleotide binding to aporeductase 
by sulfhydryl group reagents 








Reduced pyridine Concentra- a ae 
nucleotide* | Reagent heeded | et 
| = 
| | M % 
DPNH | p-Chloromercuri- | 5 X 10 100 
| benzoate | 
DPNH | N-Ethyl maleimide | - 2x 10-5 | 95 
3-Acetylpyridine- | p-Chloromercuri- | 5 X 10-5. 100 
*DPNH benzoate | 
3-Acetylpyridine- N-Ethyl] maleimide 2x 10-5 | 100 
*DPNH | | | 
TPNH | p-Chloromercuri- | 5 xX veiled 100 
| 


benzoate 





* The cells contained 0.0004 umole of aporeductase, reagent as 
indicated, and 0.0004 umole of reduced pyridine nucleotide in 
0.10 ml of 0.1 m Tris acetate-0.001 M EDTA buffer, pH 8.1 at 2-5°. 
For N-ethyl maleimide inhibition the tubes were preincubated 
for 10 minutes at 0° before fluorescence measurements. 

} The inhibition was measured as the inhibition of the increased 
fluorescence of the reduced pyridine nucleotide complexes with 
the aporeductase by the method described in ‘Experimental Pro- 
cedure” and in Fig. 3. 


my. Although it has not been possible to use this small fluo- 


rescence change for quantitative titrations, the observation that 
this fluorescence quenching by DPNH is abolished by p-chlo- 


_ Tomercuribenzoate provides additional evidence that DPNH is 


bound to the apoenzyme, and that the fluorescence changes of 


the reduced pyridine nucleotides in the presence of apoenzyme 
are a measure of complex formation. 


DISCUSSION 


Several studies (6, 8-12) have utilized the fluorescence changes 
which result from pyridine nucleotide binding to dehydrogenases 
to measure the stoichiometry, stability, and characteristics of 
coenzyme binding in these enzymes. The experiments reported 
here represent the first efforts to use similar techniques to study 
the characteristics of pyridine nucleotide binding to a flavopro- 
tein. These studies required first the preparation of unde- 
natured and highly resolved aporeductase (5) so that the initial 
binding of reduced pyridine nucleotide could be isolated from 
the succeeding steps involving electron transfer. 

Whereas the addition of reduced pyridine nucleotides to the 
aporeductase results in no measurable spectral changes, the 
formation of complexes of reduced pyridine nucleotides with the 
apoenzyme can be detected, as in the case of complex formation 
with several dehydrogenases (6, 8-12), by the marked increase 
in the fluorescence of the bound reduced nucleotide. The quan- 
titative experiments, which utilized this property of the complex, 
indicate that 1 mole of either DPNH or 3-acetylpyridine-*DPNH 
is bound to the aporeductase. These complexes are fairly 
stable inasmuch as the apparent dissociation constant of the 
DPNH complex is 4 X 10-7 m and that of the analogue, 1.5 x 
10-7 m. Both the oxidized nucleotide, DPN, and ADP-ribose, 
which lacks the reduced nicotinamide ring of DPNH, appear to 
be bound to the same site on the aporeductase and can displace 
the reduced nucleotides when present in a large molar excess. 
This suggests that some portion of the ADP-ribose part of re- 
duced nucleotides, perhaps the phosphate groups, plays an 
important role in the stability of the reduced pyridine nucleotide- 
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Fic. 5. Dissociation of 3-acetylpyridine-*DPNH complex with 
aporeductase by p-chloromercuribenzoate. The cell contained 
0.00037 umole of aporeductase and 0.00037 umole of 3-acetylpyri- 
dine-*DPNH in 0.10 ml of 0.1 m Tris acetate-0.001 m EDTA 
buffer, pH 8.1 and 2-5°. Aliquots of 1.85 X 10-° m p-chloromer- 
curibenzoate were then added, and the fluorescence at 460 mu was 
recorded with an activation wave length of 365 my and corrected 
for the volume change. The amount of reduced pyridine nucleo- 
tide-aporeductase complex remaining in the cell was then éalcu- 
lated from the fluorescence change as described in ‘‘Experimental 
Procedure”’ and in Fig. 3. 
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ScueMeE 1. The bar represents the protein 


apoenzyme complexes. The oxidation state of the nicotinamide 
ring markedly affects the binding of nucleotides. When the 
ring is reduced, the pyridine nucleotide is bound more tightly 
than ADP-ribose, whereas if the nicotinamide group is present 
in the oxidized form, the dissociation constant is increased. 
The observation that the formation of all of the reduced pyri- 
dine nucleotide-aporeductase complexes is inhibited by sulfhydryl 


Pyridine Nucleotide Binding to Cytochrome bs; A poreductase 


group reagents and the fact that the 3-acetylpyridine-*DPNH | 


complex with the apoprotein can be dissociated by exactly | 
mole of p-chloromercuribenzoate per mole of protein indicates 
that a single binding site on the aporeductase is involved in the 
formation of all of these complexes. It also suggests that the 
binding site for reduced pyridine nucleotides on the aporeductase 
is the same site that is involved in nucleotide binding to intact 
cytochrome 6; reductase. 

In Scheme 1, a hypothetical reaction mechanism is presented 
which attempts to correlate the present data on DPNH and 
flavin binding (5) with the existing information on the cyto- 
chrome 6; reductase system (2-4). Reactions 1 and 2 show the 
formation of the DPNH-aporeductase complex and then the 
reaction with flavin to form the complex in which oxidized flavin 
and reduced pyridine nucleotide are bound. The involvement 
of a sulfhydryl group in DPNH binding is indicated by the 
broken line, and the binding to the protein involving the ADP- 
ribose group, by a solid line. It is not known whether the 
ionized form of the sulfhydryl group is actually the species in- 
volved here. Flavin binding presumably involves a tyrosyl 
residue (broken line) and possibly protein amino group interac- 
tion with the phosphate groups of the nucleotide (solid line) (5). 
The order of the nucleotide addition is reversed in Reactions 3 
and 4; it leads first to the formation of the intact flavoprotein 
and then to the same intermediate as in Reactions 1 and 2. 
Reaction 5 represents the formation of the stable complex (2, 3) 
characterized by the absorption band with a maximum at 317 
my, in which the flavin appears to be reduced and the pyridine 
nucleotide oxidized. The broken line between the two nucleo- 
tides indicates the possible interaction of the two nucleotides in 
maintaining this stable complex (3). On the basis of the data 
so far available it would be premature even to speculate on the 
nature of the bond. The over-all oxidation of the complex is 
represented by Reaction 6, and can utilize several electron ac- 
ceptors (2, 7). The oxidized pyridine nucleotide may still be 
bound to the oxidized flavoprotein inasmuch as it has been 
demonstrated here that DPN is bound to the apoenzyme and 
because the formation of the pyridine nucleotide-reduced flavo- 
protein complex from DPN, oxidized flavoprotein, and reduced 
methyl viologen has been demonstrated (2). Reaction 8 indi- 
cates that DPNH can readily displace DPN from the pyridine 
nucleotide-binding site on the oxidized enzyme because the dis- 
sociation constant of the DPNH-apoenzyme complex is much 
lower than that of the oxidized nucleotide complex and presum- 
ably completes the normal catalytic cycle during DPNH oxida- 
tion. 

Several characteristics of the essential sulfhydryl group in 
cytochrome 6; reductase and in the apoenzyme bear on the 
question of whether the pyridine nucleotide-reduced flavoprotein 
complex is in fact an intermediate in the reactions catalyzed by 
this flavoprotein. It was shown here that the DPNH-apore- 
ductase complex is dissociated by 1 mole of p-chloromercur- 
benzoate and that this effect is reflected in the ability of p-chlo- 
romercuribenzoate to inhibit subsequent reactions of DPNH 
with the intact flavoprotein (2, 4). However, if the complex of 
pyridine nucleotide-reduced flavoprotein is first formed, either 
at stoichiometric or catalytic concentrations of the flavoprotein 
(2), the enzyme is unaffected by the sulfhydryl reagent even 
during oxidation of large amounts of DPNH in which the tum- 
over of the flavoprotein complex must be rapid (2, 4). These 
observations strongly suggest that during the reactions catalyzed 
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by this flavoprotein (2, 4, 13), virtually all of the enzyme is 
present as the pyridine nucleotide-reduced flavoprotein complex 
and that this complex functions as a true intermediate in these 
oxidative reactions. 


SUMMARY 


1. The formation of reduced pyridine nucleotide complexes 
with cytochrome bs aporeductase was measured by the increase 
in fluorescence of the bound nucleotides. 

2. The stoichiometry of these reactions and apparent dissocia- 
tion constants of the complexes were determined. 

3. Inhibition of reduced pyridine nucleotide binding to the 
apoenzyme by diphosphopyridine nucleotide and adenosinedi- 
phosphate ribose indicates that these nucleotides bind at the 
same site on the apoprotein. This observation was utilized to 
calculate the apparent dissociation constants for diphosphopyri- 
dine nucleotide and adenosinediphosphate ribose. The binding 
of adenosinediphosphate ribose also suggests that interaction 
may occur between the protein and the phosphate groups of the 
pyridine nucleotides. 

4, One specific sulfhydryl group was shown to be involved in 
the binding of reduced pyridine nucleotides to the aporeductase. 
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5. The implications of these data for the mechanism of the 
reactions catalyzed by cytochrome b; reductase is discussed. 


Acknowledgment—The author is indebted to Dr. George R. 
Drysdale for helpful discussion and criticism. 
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Reconstitution of Respiratory Chain Enzyme Systems 


IV. “CROSS-RECONSTITUTION” OF SARCOSOMAL SUCCINIC OXIDASE FROM 
SOLUBLE SUCCINIC DEHYDROGENASE OF DIFFERENT SPECIES* 


Tsoo E. Kine 


From the Department of Chemistry and Science Research Institute, Oregon State College, Corvallis, Oregon 


(Received for publication, February 27, 1961) 


Since Keilin’s discovery of the behavior of the cytochrome 
system in intracellular respiration, the modern concept of hy- 
drogen (electron) transport has been firmly established. Be- 
cause of the intrinsic complexity of the respiratory chain enzyme 
system, many facets have still remained obscure. One of the 
tactics in approaching the problem is to study reconstitution 
with isolated components. This should yield more insight into 
the mechanism of the system. In fact, successful reconstitution 
of succinic oxidase (1) has unequivocally demonstrated the basic 
unity among intracellular enzymes of which even those associated 
with particles are by no means exceptional. The reconstituted 
oxidase is indeed identical with the original enzyme in every 
conceivable respect so far tested, such as insolubility, stability, 
reactivity among the components of the respiratory chain, speci- 
ficity of electron acceptors, and most of all, integrity of the 
organized system. 

Numerous reports (4-6) have claimed that the components of 
of the respiratory chain of mammalian hearts do not vary with 
the species from which the enzyme system is derived.: With the 
exception of cytochrome c, these claims are mostly based on 
results from physicochemical examinations or from artificial 
methods, but not directly on physiological tests. This is par- 
ticularly true for succinic dehydrogenase. Since the system for 
the reconstitution of succinic oxidase has now been worked out, 
the functional identity of the dehydrogenase isolated from hearts 
of different mammalian species, with respect to its behavior to- 
ward the cytochrome system, can be subjected to experimenta- 
tion. This paper reports the ‘‘cross-reconstitution” of succinic 
oxidase from beef, pig, and horse. That is, the dehydrogenase 
prepared from any of these species could be reincorporated in the 
“cytochrome oxidase”’ particles from the same or other species to 
form an integrated system. 


EXPERIMENTAL PROCEDURE 


Heart Muscle Preparation of Keilin and Hartree'—The method 
of preparation was adapted from the original method by Keilin 
and Hartree (7) and modifications by Slater (8) and by Tsou 
(9). Because this adaptation is specially suited for laboratories 
in this country, the details are described as follows. 

Heart muscle was cleaned of fat and connective tissues, and 


* Papers I, II, and III of this series are references (1-3). These 
investigations were supported by the National Science Founda- 
tion (Grant G-8966) and the United States Public Health Service 
(Grant H-4852), and the Oregon Section of the American Cancer 
Society. 

1 With the assistance of Mr. Robert L. Howard and Mr. Dale 
Rockholt. 


either used immediately, or kept frozen. Preparations made 
from frozen heart did not show any noticeable difference from 
those started with the fresh tissue. The heart muscle was then 
minced in a power-driven meat grinder. One kilogram of mince 
was washed with 20 liters of tap water in a plastic bucket and 
efficient mechanical stirring? was carried out for 20 minutes. The 
mince was pressed and squeezed either by hand in cheese cloth, 
or by a hydraulic press* in canvas. This step was particularly 
important for removal of noncytochrome-soluble hemoproteins. 
Usually, 6 washings gave the resulting mince as a light yellow, but 
not pink, preparation. Insufficient washing often caused inter- 
ference later, especially in spectroscopic examination. The 
mince was then used either directly for grinding (see “Results 
and Discussion’’), or further mixed with 10 liters of 0.1 m phos- 
phate buffer, pH 7.4, and stirred mechanically for approximately 
1 hour. It was finally washed with 20 liters of deionized water, 

Five hundred grams of the hard pressed mince thus obtained 
were ground in a mechanical mortar‘ for 2 hours with 700 ml of 
0.02 m phosphate buffer, pH 7.4, and 200 g of sand. The mixture 
was diluted with another 600 ml of buffer and then centrifuged 


2A mechanical stirrer under the trade name of ‘Laboratory 
Mixer, GT21” made by Gerald K. Heller Company, Las Vegas, 
Nevada, with a three-blade stainless steel propeller of approxi- 
mately 6 inches across, was used. 

3 A hydraulic press under the trade name of ‘‘Carver Laboratory 
Press, Model B’’, manufactured by Fred S. Carver, Inc., Summit, 
New Jersey, and sold by the Scientific Supplies Company, Seatile, 
Washington, was used with success. 

4A mechanical mortar manufactured by Pascall Engineering 
Company, Ltd., Gatwick Road, Crawley, Sussex, England, was 
employed very satisfactorily. In fact, Keilin and Hartree have 
used an older model of the same mortar. The new model is even 
more compact in operation and easy to clean. Three sizes which 
can hold approximately 400 g, 900 g, and 3 kg of heart mince, 
respectively, are available. The grinding can be done at room 
temperature without external cooling even on the hottest days in 
summer in this laboratory. No temperature rise in the mortar 
was noticed after 4 hours’ grinding. Of course, the operation 
can be performed in a cold room, but it is not necessary for the 
preparations from heart as described in the text. 

When the largest mortar with 3 kg of washed heart mince was 
used, it was found that a longer grinding time, approximately 3 
hours, was necessary to get a comparable yield. Prolonged grind- 
ing, on the other hand, decreased the Qo, values for both succinate 
and DPNH. This decrease was apparently due to the maceration 
of other insoluble proteins of the mince. 

In a small scale preparation, a hand-operated porcelain mortar 
(diameter, approximately 10 inches) with pestle was also used in 
this laboratory. The time required was somewhat longer. How- 
ever, preparation from 100 g or less heart mince was possible in 
one day’s time. 
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for 30 minutes at 2,000 r.p.m. in an International centrifuge 
size 3. The upper turbid layer was recentrifuged in a Spinco 
preparative centrifuge with rotor No. 21 at 20,000 r.p.m. for 90 
minutes. The almost clear supernatant liquid was discarded. 
The pellet was dispersed in 250 ml of borate-phosphate buffer, 
0.1 m with respect to both NasHPO, and H3BOs, with a Potter- 
Elvehjem type homogenizer. All the above operations were 
performed at room temperature. 

Alternatively, the turbid supernatant fluid from the first 
centrifugation was cooled to approximately 2° by addition of 
crushed ice and brought to pH 5.5 with N acetic acid. The 
mixture was centrifuged at 2,000 r.p.m. for 15 minutes in a 
refrigerated International centrifuge size 3, model 194. The 
clear supernatant fraction was discarded and the precipitate was 
washed with approximately 800 ml of 0.01 m KH2PO,. It was 
again centrifuged at 2,000 r.p.m. for 15 minutes. The residue 
was finally suspended in borate-phosphate buffer as described in 
the preceding paragraph. When a refrigerated centrifuge was 
not available, addition of ice to the mixture served the same 
purpose. The heart muscle preparation is not stable at room 
temperatures in mediums with pH values lower than 6.8. In 
acidic mixture the particles are very easily sedimented. 

Soluble Succinic Dehydrogenase—Soluble succinic dehydrogen- 
ase Was prepared according to the modification by Keilin and 
King (2) of the original method of Wang, Tsou, and Wang 
(10). The calcium phosphate gel was eluted with 0.1 m phos- 
phate buffer, pH 7.8. The eluate or the fraction obtained from 
the subsequent ammonium sulfate fractionation was used for the 
reconstitution. 

Alkali-treated Heart Muscle Preparation—This was prepared as 
previously described (1, 2). The heart muscle preparation 
containing approximately 10 mg of protein per ml was adjusted 
to pH 9.3 (Beckman Zeromatic pH meter with a glass electrode) 
with n NaOH at room temperature (about 20°). The mixture 
was incubated at 37-38°. After 90 minutes of incubation it was 
cooled to room temperature and readjusted to pH 7.6 to 7.8. 
The alkali-treated preparation thus made was used directly 
without further treatment. It was stable for at least 3 days with 
respect to the cytochrome oxidase activity and the reconstitution 
reaction. : 

Determination of Succinic Dehydrogenase Activity by Phenazine 
Methosulfate—This was performed according to Kearney and 
Singer (11). The activity of the enzyme was determined man- 
ometrically by the rate of oxygen uptake at 37° during the 
first 6 or 8 minutes in a system composed of the final concentra- 
tions of 0.1 m phosphate buffer, pH 7.6, 1 x 10-?m KCN, 0.04m 
succinate, and an appropriate amount of enzyme in a total vol- 
ume of 2.0 ml; after temperature equilibration, 1.8 mg of phena- 
zine methosulfate and succinate were tipped into the main com- 
partment. 

Other Materials and Methods of Determination—Samples of 
cytochrome c with 0.34% Fe content were prepared from beef or 
horse heart according to the method of Keilin and Hartree (12). 
Occasionally, horse heart cytochrome ¢ purchased from Sigma 
Chemical Company, was also used. Antimycin A and acid- 
washed and ignited sea sand (Fisher catalogue No. 8-25) were 
purchased from the Wisconsin Alumni Research Foundation, 
and Fisher Scientific Company, respectively. Other methods of 
determinations are described in the legend of the tables and 
figures. 
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RESULTS AND DISCUSSION 


Heart Muscle Preparation of Keilin and Hartree—In their 
investigation of electron transport systems, Crane et al. (13) have 
used electron transport particles (ETP) as the source of succinic 
oxidase. Although Qo, values up to 320 ul per hour at 25° were 
obtained, the yields from heart muscle were very low. The 
heart muscle preparation of Keilin and Hartree, used by them 
and other workers for studies of intracellular respiration, is a 
cell-free lipoprotein suspension in permanent colloidal form de- 
rived from disintegrated heart mitochondria or sarcosomes. The 
preparation contains the typical cytochrome system, succinic de- 
hydrogenase, DPNH dehydrogenase, and other components of 
the respiratory chain. Its Qo, value for the oxidation of suc- 
cinate is approximately 450 at 25° (14). 

The method for the Keilin-Hartree preparation was simple. 
The yield of the preparation made by the adaptation in this 
laboratory was found to be 15 to 20 g of fat-free dry organic 
solid per 1000 g (wet weight) of washed heart mince. One person 
could make about 20 g of the final preparation with ease in less 
than 9 hours. 

Some preparations made in other laboratories, however, are 
not the same as the Cambridge preparation. Our experience 
suggests that the disparity may be due to the homogenization 
step. Properties of preparations made in Waring Blendors were 
not always consistent. The performance of mechanical mortars 
was found to be very convenient and satisfactory. Since our 
adaptation of either the original method with acid precipitation 
at pH 5.5 or Slater’s modification with high speed centrifugation, 
110 preparations from beef, pig, and horse hearts have been made 
in this laboratory in the course of the last 23 years with no failure. 
It is especially convenient when high capacity Spinco preparative 
centrifuges are available. Here one may recall that the Slater 
modification originally employed a centrifuge similar to Inter- 
national centrifuge size 2, with a high speed attachment, which 
could hold less than 100 ml with a centrifugal force of approxi- 
mately 30,000 x g. 

Figure | shows the behavior of the succinate oxidation catalyzed 
by the heart muscle preparation prepared in this laboratory. 
The oxidation was antimycin A- and cyanide-sensitive. The 
Qo, values with succinate as well as DPNH were between 500 
and 1000, whereas those with ascorbate for the cytochrome oxi- 
dase activity were 1000 to 2000 wl per mg per hour at 37°. These 
were comparable to the values of the Cambridge preparations 
(7, 14) and were equal to, or better than, those of ETP (13). No 
significant difference was observed among the preparations from 
different species. 

Removal of cytochrome c from the heart minee by repeated 
washing with phosphate buffer was first introduced by Tsou (9). 
Evidently, the last traces of noncytochrome pigments and some 
other soluble proteins are also removed. We found that the 
soluble succinic dehydrogenase prepared from the mince, which 
had been washed once with phosphate, was almost free from 
cytochrome c and other hemoprotein impurities even immediately 
after the butanol treatment. However, these heart muscle 
preparations per se were somewhat deficient in cytochrome c. 

Components of Reconstitution System—Previously we have 
reported reconstitution of the succinic oxidase system of horse 
heart from soluble succinic dehydrogenase and the alkali-treated 
heart muscle preparation (1). The soluble succinic dehy- 
drogenase prepared according to the modification (2) of the 
original method of Wang e¢ al. (10) did not contain cytochrome 
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Fig. 1. The oxidation of succinate catalyzed by the heart 
muscle preparation. The system (Curve A) consisted of 0.1 m 
phosphate, pH 7.6, 0.04 m succinate, 1.0 mg of cytochrome c (beef), 
and 0.38 mg (in terms of the fat-free organic solid) of heart muscle 
preparation; total volume, 3.0 ml; temperature 37°. The prepara- 
tion was made from beef heart mince which had been washed 
once with phosphate and purified by centrifugation in a Spinco 
centrifuge. Curve B, same as the Curve A, also with 3.3 ug of 
antimycin A. Curve C, same as Curve A, also with 5 X 10-4 m 
cyanide. 


b or cytochrome c;. It was inactive for catalysis of the oxidation 
of succinate by methylene blue, 2,6-dichlorophenolindophenol, 
or cytochrome c. Thus, previous reports (2, 10) in these respects 
have been again confirmed. 

The flavin content of the preparations has not been deter- 
mined with certainty. The conventional optical method, which 
measures the difference of the absorbance at the region of 450 
my for the oxidized and the chemically reduced forms of the 
enzyme, may not reveal the true composition because of the fact 
that the iron moiety of the enzyme may contribute to the ab- 
sorbance (see discussion in (2) and other references cited). The 
enzyme preparation after the ammonium sulfate fractionation 
showed to be about “50% pure”’ from the data of the phenazine 
methosulfate assay; the Qo, value of the succinic dehydrogenase 
preparations in the practically electrophoretically pure and 
ultracentrifugally monodisperse form, according to Singer e¢ al. 
(15), is approximately 24,000 in the 3-ml assay system. How- 
ever, the most significant fact which reflects the genuine activity 
of the dehydrogenase is in the ratio of the reconstitution reaction 
to the phenazine reaction. As shown in Table I, it is unity and in 
some cases considerably greater than 1. 

The alkali-treated heart muscle preparation as described in a 
previous paper (1) was free from succinic dehydrogenase activity 
but contained cytochromes as, a, ci, and 6b, as well as the anti- 
mycin A-sensitive factor and probably some other components of 
the respiratory chain. For convenience, it is sometimes referred 
to in this paper as “cytochrome oxidase” particles. It is con- 
ceivable that the alkali treatment causes the dissociation of 
endogenous dehydrogenase before causing the inactivation of the 
enzyme (1). Thisis indeed the case. Here it suffices to mention 
two lines of evidence and the details will be reported elsewhere. 

The peptide-bound flavin (i.e. the succinic dehydrogenase- 
linked flavin) in the particles decreases with the time of the alkali 
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treatment of the heart preparation.’ The kinetic analysis of 
inactivation of catalytic activities in the heart muscle prepara- 
tion with respect to various parameters, such as pH value, and 
temperature, is being further pursued. At any rate, the alkali- 
treated heart muscle preparation, made according to the method 
described, is satisfactory for the reconstitution. The dissociation 
of the dehydrogenase from the heart muscle preparation by alkali 


treatment has been demonstrated by the actual isolation of the - 


enzyme. Succinic dehydrogenase has been prepared (3) by 
direct extraction of the Keilin-Hartree preparation with buffer at 
pH 9.4 to 9.5 under the conditions similar to those described in 
“Experimental Procedure” for the alkali treatment. Although 
the preparation thus made is active toward phenazine metho- 
sulfate as usual, it is inactive for the reconstitution (3). Like- 
wise, the enzyme prepared according to the method of Singer et al, 
(15) does not react with cytochrome oxidase particles. The 
inactivity of these preparations may be due to the fact that both 
methods expose the soluble enzyme to air for a prolonged time. 
The reconstitution activiy of the dehydrogenase is not parallel 
to the phenazine reaction. This facet of the problem has been 
discussed in an earlier report (3). 

Cross-reconstitution of Succinic Oxidase—Successful reconstitu- 
tion has now also been demonstrated in the succinic oxidase sys- 
tem from pig and beef hearts. Fig. 2 is a protocol to illustrate 
the reconstitution of the oxidase from beef, pig, and horse. As 
shown in the figure, neither the alkali-treated heart muscle 
preparation nor soluble succinic dehydrogenase alone catalyzed 
the oxidation of succinate by molecular oxygen. However, 
when these two components were mixed together, the succinic 
oxidase activity was restored. The activity was sensitive to low 
concentrations of antimycin A or cyanide, just as in the original 
system. 

It can be seen also from Fig. 2 that the reconstitution took 
place from the system composed of the soluble dehydrogenase 
and “cytochrome oxidase”’ particles not only from the same species 
(Curve A, beef) but also from different species (Curve G, beef and 
horse; Curve H, beef and pig). Mention must be made that the 
amount of the soluble dehydrogenase in the systems shown in 
Fig. 2 was not limiting. Consequently, the activity of the sys- 
tem (Curve H) with the alkali-treated heart muscle preparation 


5 D. Wilson and T. E. King, to be published. 

6 T. E. King, to be published. 

7In response to referee’s comments, several paragraphs have 
been added to the text, although the theme of the present com- 
munication lies on the cross-reconstitution. Some of the addi- 
tions have been discussed earlier. Previous papers ((1, 3) and 
especially (2)) were published in journals of which the style and 
organization are somewhat different from those of this Journal 
Every effort has been made to avoid repetition. The possibility 
of the requirement of an additional labile factor in the reformation 
of the integrated succinic oxidase system from succinic dehy- 
drogenase and the alkali-treated preparation which has been 
pointed out previously (3) cannot be decisively defined without 
extensive investigation at the most sophisticated level in method- 
ology. Regarding the relationship of the structure and function 
of respiratory particles with particular reference to reconstitution, 
readers are referred to author’s remarks made at the Symposium 
on the Energy Transfer at Nottingham, England, in 1958 (16). 
Comments from other workers are also recorded in the symposium. 
Finally, the importance of using a properly made Keilin-Hartree 
preparation for the isolation of active succinic dehydrogenase can- 
not be overemphasized. In fact, structurally as well as function- 
ally, the Keilin-Hartree heart muscle preparation is much more 
than merely a homogenate derived from heart muscle (ch. (17, 18)). 
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Fie. 2. The ‘‘cross-reconstitution’’ of succinic oxidase from 
mammalian hearts. All systems contained 1.0 mg of cytochrome 
c (horse), 0.04 m succinate, 0.1 m phosphate pH 7.6 (temperature 
37°; total volume, 3.0 ml). Additional information is given in 
Table I. 


TaB.Le [ 
‘Additional components in systems of Fig. 2 


| . 
Alkali-treated 
ae succinic dehydrogenase, | } 
Curve 0.6 mg, (beef) at stage of | heart muscle Other additions 


| preparation 
ammonium sulfate fractionation | (3.0 mg) 








| + (beef) 
Heated at 60° for 5) + (beef) 
minutes) 


by 
+ 


| + (beef) 
| + (pig) | antimycin, 3.3 ug 
| + (pig) | 5X 10-*m KCN 
| + (horse) 
| + (pig) 


MO DASA 
+++4+4+1 





from pig being lower than that from horse or beef (Curve A or @) 
might be due to the lower activity of the pig oxidase preparation. 

This type of cross-reconstitution is more explicitly shown in 
Table I where soluble succinic dehydrogenase present was 
limiting at the linear portion of the dose-response curve, i.e. the 
curve plotted from the rate of the succinate oxidation against the 
amount of the dehydrogenase present in the system with an 


TABLE II 


“‘Cross-reconstitution’’ of succinic oxidase system 











| Activity* 
st | ££) 
_ | tion | 
| 
Beef Beef | 15 | 16 | 1.07 
Beef Pig | 15 | 17 | 1.13 
Beef Horse 15 | 13 | 0.87 
Pig Beef a 8.1 1.06 
Pig | Pig ae & A as 1.23 
Pig Horse [a | Se Tl Ce 
Horse | Beef «16 eS 1.06 
Horse Pig | 16 17 1.06 
Horse Horse | 16 | 6 0.94 





* The phenazine methosulfate assay was performed in a total 
volume of 2.0 ml without cytochrome oxidase particles. The re- 
constitution system was the same as Curve A of Fig. 2 except that 
the soluble succinic dehydrogenase (at the stage of the gel eluate) 
added was limiting. For easy comparison, the value of oxygen 
uptake was converted to the unit of micromole of succinate oxi- 
dized per minute per milligram of soluble succinic dehydrogenase 
in a l-ml assay system. The conversion was based on H,O: as a 
product in the phenazine reaction and water in the reconstitution. 


+ Rati reconstitution activity 
atio = 





phenazine activity 


TABLE III 


Incorporation of soluble succinic dehydrogenase into ‘‘cytochrome 
oxidase”’ particles 


























| Activity (ul of O2 uptake/30 minutes) 
24 Hourt 
Soluble succinic Alkali-treated 
eee, | Seer te After 
a he stage ro* - . 
eluate) unanl Deter centrifugation 
centrifugation . 
| nae not Residue 
7 us mg 
70 (beef) 3.0 (pig) 93 | Not tested 0 87 
70 (beef) 3.0 (beef) 90 | Not tested 0 96 
79 (beef) 3.0 (horse) | 94 | Not tested 0 84 
75 (horse) 3.0 (beef) | 108 114 0 124 
900 (horse) | 3.0 (beef) 238 | =. 220 0 | 215 
900 (horse) | 3.0 (beef) 0 | 0 
(24 hours old) | | 








* The system, in addition to those listed in the table, contained 
1.0 mg of cytochrome c (horse), 0.1 m phosphate buffer, pH 7.6, 
and 0.04 m succinate; total volume, 3.0 ml; temperature 37°. 

+ A mixture which consisted of those components listed in the 
table in a total volume of 1.2 ml (in proportion) of 0.1 m phosphate 
buffer, pH 7.6, was left at 4° for 24 hours. A part of the mixture 
was then centrifuged for 50 minutes at 40,000 r.p.m. (on a Spinco 
rotor No. 40.3). The residue and the supernatant liquid were 
separated. The former was washed with 0.05 m phosphate, pH 
7.6 and subsequently dispersed in 0.1 m phosphate, pH 7.6, of the 
original volume of the mixture. In the assay, the system was 
the same as that at zero hour. 
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excess of the alkali-treated heart muscle preparation. It was 
linear at low concentrations of the dehydrogenase, but soon 
flattened out at high concentrations (cf. reference (2)). As 
shown in Table II, no quantitative or qualitative difference in the 
cross-reconstitution was observed. 

The system consisting of soluble dehydrogenase and oxidase 
particles after 24 hours showed the same catalytic activity as 
that at zero time (Table III). On the other hand, the soluble 
dehydrogenase at the same age lost all its activity on reconstitu- 
tion. In fact, the life of the reconstitution capacity of succinic 
dehydrogenase has been recently found to be only a few hours (3). 
These results dramatically illustrated the difference in stability 
between the dehydrogenase in the free state and that in the 
bound form. In the reconstitution, the soluble succinic de- 
hydrogenase was actually incorporated into the cytochrome 
oxidase particles to form an integral part of the respiratory 
chain in the catalytic oxidation of succinate. This was further 
demonstrated in the experiments on the actual separation. 
Reconstituted preparations, 24 hours old, were subjected to 
centrifugation. The catalytic activity remained solely in the 
particles, not only in those with a limiting concentration of the 
dehydrogenase but also with a large amount of the soluble 
enzyme as shown in Table ITI. Here again, even the reforma- 
tion of the integrated system did not show any variation with 
respect to species. 

All these results clearly demonstrated that there was no 
difference in the reconstitution efficiency as well as in the re- 
formation of the integral system, regardless of whether the soluble 
dehydrogenase and the cytochrome oxidase particles were derived 
from the same or different species of mammals. This fact is in 
contrast to several examples of the species specificity known in 
mammalian biochemistry. It suggests that the evolutionary 
process has not diverged with respect to the most basic mecha- 
nisms, such as the electron transport system, at least among those 
species studied. Of course, the fine molecular structure of the 
components may or may not differ but their functionality re- 
mains interchangeable. However, it would be of special interest 
to test cross-reconstitution by use of the method described with 
the components derived from organs other than heart, non- 
mammalian sources, and especially neoplastic tissues. 
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SUMMARY 


A modification of the Keilin and Hartree method for a heart 
muscle preparation is described, which is especially adapted for 
successful reconstitution of the succinic oxidase system. 

There is no species difference in the reconstitution of sarcosoma] 
succinic oxidase from soluble succinic dehydrogenase and a 
particulate muscle preparation from beef, pig, and horse. The 
latter contains all components, except for the dehydrogenase, 
required to catalyze the oxidation of succinate by molecular 
oxygen. 

The dehydrogenase prepared from any of the three species 
can be reincorporated into cytochrome oxidase particles from 
the same or other species in the formation of an integrated 
system. 
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Cell suspensions of Aerobacter aerogenes, grown anaerobically 
on glycerol, convert ethylene glycol to acetaldehyde, 1 ,2-pro- 
panediol to propionaldehyde, and glycerol to 6B-hydroxypropion- 
aldehyde (1). We undertook the isolation of the enzyme or 
enzymes involved in this reaction and were able to obtain cell- 
free extracts that acted on propanediol and ethylene glycol, but 
showed little or no activity towards glycerol. In a preliminary 
report (2), evidence was presented that the conversion of pro- 
panediol and ethylene glycol to the corresponding deoxyalde- 
hydes requires a cobamide coenzyme. In this communication, 
a more detailed account of the work will be presented, and some 
additional properties of this system will be described. 


EXPERIMENTAL PROCEDURE 


Bacterial Extract—A. aerogenes (ATCC 8724), cultured for 
18 hours; grown anaerobically on glycerol mineral medium (3) 
supplemented with 0.2% yeast extract were harvested, washed 
twice with 0.01 m Tris-Cl buffer, pH 8.0, and lyophilized. All 
subsequent operations were carried out at 0-5°. One gram of 
lyophilized cells was suspended in 20 ml of water, and the pH 
was adjusted to 8.5 to 9.0. The suspension was then either 
sonicated for 20 minutes in a Raytheon 10-ke sonic oscillator or 
passed three times through a French pressure cell. The dis- 
rupted cells were treated with 0.5 g of charcoal (Darco G-60) with 
occasional stirring for 15 minutes, and then centrifuged at 30,000 
X g for 30 minutes. After one more charcoal treatment, the 
supernatant was lyophilized. This lyophilized preparation was 
used as the source of enzyme, and maintains its activity for at 
least 1 month when stored in the deep freeze. Due to the 
charcoal treatment, this enzyme preparation does not convert 
propanediol to propionaldehyde in the absence of added cofactor. 

Assay of Coenzyme Activity—Coenzyme activity was measured 
by the amount of propionaldehyde formed after addition of the 
coenzyme to the enzyme prepared as described above. The 
details of this procedure have been published (2). 

Isolation of Coenzyme—All procedures were carried out at 
0-5° with the maximal exclusion of light. Crude cofactor 
preparations that reactivated charcoal-treated extracts were 
obtained by treating cell-free extracts of A. aerogenes or Clos- 
tridium perfringens! with charcoal and eluting the charcoal with 
20% pyridine. Lyophilization of the pyridine eluent yielded 
an active cofactor preparation. A more convenient method of 


* This work was supported by a grant from the National Insti- 
tute of Health and The Ohio State University Development Fund. 

1C. perfringens were grown according to Meister, ef al. (4) 
supplemented with CoCls. 


obtaining the cofactor is the direct extraction of lyophilized cells 
with 20% pyridine. Five grams of cells were extracted for 1 
hour with 90 ml of 20% pyridine, and the extract was lyophilized. 

For the purification of the cofactor, lyophilized extract from 
50 g of lyophilized C. perfringens was employed. This material 
was dissolved in 100 ml of water, and the pH was adjusted to 
3.0 with formic acid. After removal of the precipitate, the pH 
of the supernatant was brought to 5.5 to 6.0. This solution was 
then passed through a column, 2 cm in diameter, containing 50 
ml of Dowex 1-X4 (200 to 400 mesh) in the formate form. After 
the entire solution had passed into the column, the column was 
rinsed with 35 ml of water. Further purification was achieved 
by chromatography on a charcoal column. This column was 
prepared as follows. Darco G-60 charcoal, 2.6 g, and Celite 
535, 5.2 g, were mixed and suspended in sufficient water to form 
aslurry. This slurry was poured into a column, 2 em in diameter 
that contained a 1- to 2-em Celite pad. The content of the 
column was allowed to settle under a pressure of 2 pounds. The 
column was prewashed with 100 ml of 50% ethanol containing 1 
ml of ammonium hydroxide, 200 ml of 0.1 m Versene, 100 ml of 
20% pyridine, and 200 ml of water. Subsequent to this pre- 
liminary washing, the combined effluent from the Dowex column 
was passed through this column. After the solution had passed 
into the column, elution was carried out with the following sol- 
vents: 25 ml of water; 100 ml of 50% ethanol containing 1 ml of 
concentrated ammonium hydroxide; 50 ml each of 5, 10, and 
15% pyridine; sufficient 20% pyridine to elute all of the co- 
enzyme. The effluent from the charcoal column was discarded 
until elution with 15% pyridine was begun. Five milliliter frac- 
tions were then collected. The fractions containing the coen- 
zyme were red to purple. Aliquots (0.1 ml) were removed and 
brought to dryness under vacuum. To each of these residues, 
1.0 ml of 0.2 m phosphate buffer, pH 8.0, was added. These 
solutions were then analyzed for coenzyme content by the method 
described (2). The fractions containing the major portion of the 
activity were combined and lyophilized; 8 to 16 mg of material 
were obtained at this point. This coenzyme preparation was 
stable and was used as a cofactor source in many experiments. 

Final purification was achieved by chromatography on car- 
boxymethyl-cellulose. Carboxymethy] cellulose, 4 g, was sus- 
pended in 75 ml of 0.01 m sodium acetate buffer, pH 4.8, and 
the pH was readjusted to 4.8. The suspension was then poured 
into a 12-mm column and allowed to settle. The column was 
finally packed by application of a vacuum from a water aspirator. 
Before the column was used, 500 ml of 0.01 m sodium acetate 
buffer were allowed to flow through it. One to two milligrams 
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FRACTION NO. 


Fic. 1. Chromatography of coenzyme on carboxymethyl cel- 
lulose. The column was 12 mm in diameter and contained 4 g 
of carboxymethyl! cellulose. Details of column preparation are 
given in “Experimental Procedure.’’ Fractions (2.5 ml) were 


collected. Eluent: 0.01 m sodium acetate buffer, pH 4.8; 
after Fraction 20, 0.01 m sodium acetate, pH 6.7 @——@, 
optical density at 260 mu; O——O, coenzyme activity measured 


by standard assay procedure expressed in arbitrary units. 
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A MILLIMICRONS 


Fic. 2. Spectrum of coenzyme obtained from C. perfringens. 
——, spectrum of coenzyme in 0.4 m sodium acetate buffer, pH 
6.7; - - -, spectrum in 0.1 Mm KCN. 


TABLE I 
Cofactor requirement for conversion of 1 ,2-propanediol 
to propionaldehyde 
The reaction conditions and concentrations are identical with 
those used in assay (2). The cofactor was prepared by treating 
cell extracts with charcoal and subsequent elution with 20% 
pyridine. The material so obtained was passed through a Dowex 
1 column. The total cofactor present in each reaction was ob- 
tained in each case from 19 mg of lyophilized cells; the enzyme 
extract from 4 mg of cells. 


eatin Propionaldehyde 
Additions caamad 
umoles 
None ; ae =e Oe 0 
Cofactor from A. aerogenes (grown anaerobically 
on glycerol) bic igi te aia Rae teeta 0.31 
Cofactor from A. aerogenes (grown aerobically on | 
glycerol) a Cate ets en aa 0.03 
Cofactor from C. perfringens ; ; son 0.78 
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of the partially purified preparation obtained from the charcoal 
column were dissolved in 2 ml of buffer and applied to the column. 
The column was eluted with 0.01 m sodium acetate buffer, pH 
4.8, until the effluent contained no more material absorbing at 
260 mu. Thereafter, elution was continued with 0.01 m sodium 
acetate buffer, pH 6.7. Fractions (2.5 ml) were collected 
throughout the chromatographic procedure. The elution pat- 
tern from such a column is shown in Fig. 1. Fractions 35 to 
50 were combined and concentrated to 4.0 ml. The absorption 
spectrum obtained from this solution is shown in Fig. 2. 

Isolation of Products—The reaction was carried out on a 5-ml 
scale and the concentration of enzyme and cofactor was two to 
three times that used in the assay system. After the reaction 
was allowed to proceed for 1 hour, 10 ml of 0.1% 2,4-dinitro- 
phenylhydrazine in 2 N H.SO, was added. The resulting pre- 
cipitate was washed with water, extracted with benzene, and 
passed through a short column of Fisher adsorption alumina. 
The column was washed with sufficient benzene to remove all of 
the 2,4-dinitrophenylhydrazone. The combined effluents were 
brought to dryness and recrystallized from ethanol. The com- 
pounds so obtained were then identified by their melting points 
and by chromatography in two different solvents, petroleum 
ether (30-60°) and methanol-heptane (5). 

RESULTS AND DISCUSSION 

When cell-free extracts of A. aerogenes were incubated with 
1 ,2-propanediol, the formation of carbonyl compounds could be 
colorimetrically demonstrated (6). After sufficient reaction 
product had accumulated, 2,4-dinitrophenylhydrazones could 
be isolated. Paper chromatography of these 2 ,4-dinitrophenyl- 
hydrazones revealed the presence of one major component and 
two or three minor components. The major component showed 
an Ry in two different solvents identical with propionaldehyde- 
2,4-dinitrophenylhydrazone. No attempt was made to identify 
the other substances. Treatment of the cell-free extracts with 
charcoal led to inactivation. By procedures described in “Experi- 
mental Procedure,” an extract was obtained from A. aerogenes, 
C. perfringens, or Clostridium sticklandii which, when added to 
the charcoal-treated extracts, restored their ability to convert 
propanediol to carbonyl compounds. The carbonyl compounds 
produced under these conditions consisted of a mixture of sub- 
stances similar to those formed by the untreated extract, in 
which propionaldehyde predominated. When these crude 
cofactor preparations were passed through a Dowex 1-formate 
column, the effluent restored activity to the charcoal-treated 
extract. The only product formed was propionaldehyde, as 
indicated by paper chromatography of the 2,4-dinitrophenyl- 
hydrazone. When the 2,4-dinitrophenylhydrazone was purified 
by the procedure described, a product was obtained which 
melted at 152-154° (literature value (7) for propionaldehyde- 
2,4-dinitrophenylhydrazone 154°). In Table I, the amounts 
of propionaldehyde formed when cofactor preparations from 
various sources were added to the charcoal-inactivated extract 
are shown. It is interesting to note that aerobically grown 
Aerobacter contained far less cofactor than the anaerobically 
grown organisms. 

In order to identify the cofactor, procedures were developed 
for the concentration of cofactor activity. As described in 
“Experimental Procedure,” the last stage in this procedure 
involved chromatography on carboxymethyl] cellulose. From 
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this column, a fraction was obtained that contained all of the 
cofactor activity and in which the cofactor activity paralleled 
the optical density at 260 my (Fig. 1). The material in this 
fraction showed a spectrum (Fig. 2, Table II) identical with 
that of the AC? coenzyme (8). Addition of cyanide caused a 
pronounced spectral shift which is also in agreement with that 
found for the cobamide coenzyme (8). It can be concluded, 
therefore, that the cofactor which was obtained from C. per- 
fringens and which is required for the conversion of propanediol 
to propionaldehyde is a purine cobamide coenzyme, possibly 
the adenyl coenzyme. 

Since none of the other peaks obtained from the carboxy- 
methyl cellulose column show cofactor activity, the purine 
cobamide coenzyme is the only active component present in the 
material obtained after charcoal column chromatography. This 
material is relatively easy to obtain, and is, therefore, a con- 
venient source of coenzyme where highly purified preparations 
are not required. 

Fig. 3 shows the amount of propionaldehyde formed under 
standard assay conditions when the concentration of the BC or 
DBC coenzyme was varied. Two points for the AC coenzyme 
are also included. All of these points fall on the same curve. 
This would indicate that the affinity of the enzyme for all three 
coenzymes as well as the Vmax is approximately equal. A detailed 
analysis of these constants will have to be carried out on a more 
purified enzyme. Up to concentrations of 10-’ m, the amount 
of propionaldehyde produced varied almost linearly with the 
concentration of the BC or DBC coenzyme. A similar linear 
dependence has been demonstrated (2) for partially purified 
AC coenzyme preparations. The conversion of propanediol to 
propionaldehyde, therefore, can be used as an assay system for 
the BC and DBC as well as the AC coenzyme. 

Decomposition products of the AC coenzyme resulting from 
irradiation were inactive in this system. Exposure of the co- 
enzyme to a 100-watt tungsten lamp at a distance of 12 inches 
for 1 hour led to complete inactivation. Coenzyme activity 
was also destroyed when the coenzyme was preincubated with 
0.01 m KCN for 1 hour. Cyanocobalamin (Squibb Rubramin) 
showed no coenzyme activity. 

A number of substrates other than propanediol were tested for 
activity. Ethylene glycol reacted at 60% the rate of propane- 
diol. The product formed was acetaldehyde. Identification 
was based upon the melting point of the 2,4-dinitrophenylhy- 
drazone and upon paper chromatography in two solvents. 
Glycerol reacted at 10% the rate of propanediol as measured by 
the colorimetric determination of carbonyl compounds. Due to 
the low rate of reaction, no attempt was made to characterize 
the product of this reaction. Since in intact cells glycerol and 
propanediol react at about the same rate, the low reactivity of 
glycerol observed here suggests that these two compounds are 
not acted upon by the same enzyme. Ribitol was also incubated 
with this system with the possibility in mind that this sugar 
aleohol might be converted to the corresponding deoxy sugar. 
However, no formation of deoxy sugar could be detected. A 
more exhaustive study of the structural requirements for sub- 
strate activity must await purification of the enzyme. 

The reaction described here represents the reduction of an 
aleohol moiety to the hydrocarbon level with the concomitant 


_ * The abbreviations used are: AC, adenyleobamide; BC, benz- 
imidazolyleobamide; and DBC, dimethylbenzimidazolylcobamide. 


R. H. Abeles and H. A. Lee, Jr. 
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TABLE II 


Absorbancy ratios of purified coenzyme and 
adenylcobamide coenzyme 





Purified coenzyme AC coenzyme* 





























303 My - 
363 mp | 0.454 0.477 
375 My 
.19 .199 
363 mp | 0.191 0.19 
| 
458 mu 
.16 .193 
363 mp 0.165 0.19: 
* Values calculated from Barker et al. (8). 
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Fig. 3. Activities of AC, BC, and DBC coenzymes. Reaction 
conditions are those used in assay (2). A, AC; X, BC; ©, DBC 
coenzyme.® 


oxidation of an alcohol group. Although the mechanism and 
cofactor requirements of such reactions have not been as exten- 
sively studied as other biological reductions, a number of reac- 
tions of this type are known. Some examples are: the conversion 
of ethanolamine to acetaldehyde (10), glycerol to B-hydroxy- 
propionaldehyde (1), imidazoleglycerolphosphate to imidazole- 
acetolphosphate (11), a,8-dihydroxy acids to the corresponding 
keto acids (12, 13), 6-phosphogluconie acid to 6-phospho-2-keto- 
3-deoxygluconic acid (14, 15), and the formation of deoxy sugars 
(16-18). 

The above reactions can be divided into two groups. One 
group includes the reactions that give rise to keto acids, and the 
conversion of 6-phosphogluconic acid to 6-phospho-2-keto-3- 
deoxygluconic acid. The common feature of the compounds 
involved in these reactions is illustrated by Structure I. 


H O 
| b I | I 
a : - ican Nl 
| 
OH OH OH 
I II 


In these compounds a hydroxy] group that is 6 to a carbonyl 


3 We wish to thank Professor H. A. Barker and Dr. D. Perlman 
for samples of the BC and DBC coenzymes. 








group is reduced. This can be accomplished through an a, 
elimination of water which is facilitated by the ionizable a-hy- 
Tautomerization of the resulting enol (II) leads to the 
In the conversion of 2-phosphoglyceric acid to 


drogen. 
final product. 
pyruvic acid, the intermediate enol is well established. 

The other group consists of compounds containing no easily 
ionizable hydrogen, where an intermediate enol becomes less 
likely. Isotope experiments indicate (19) that the conversion 
of propanediol to propionaldehyde does not proceed through an 
enol. The possibility should be considered that at least some 
of the reactions falling into this second group proceed by a 
mechanism similar to the conversion of propanediol to propional- 
dehyde and require a cobamide coenzyme. Strong evidence 
that, at least in some cases, deoxyribose formation requires 
vitamin By (18, 20, 21) has been presented. The cofactor 
requirements for the formation of imidazoleacetolphosphate 
(11), rhamnose (17), fucose (16), have been studied, but no 
evidence for the requirement of a cobamide coenzyme has been 
obtained. 
purified to eliminate completely this possibility. 


However, none of these systems has been sufficiently 
As yet, no 
information is available concerning the cofactor requirements 
for the conversion of glycerol to B-hydroxypropionaldehyde (1), 
and ethanolamine to acetaldeliyde (10). 
SUMMARY 

Cell-free extracts of -lerobacter aerogenes convert 1,2-pro- 
panediol to propionaldehyde, and ethylene glycol to acetalde- 
hyde. These reactions require a cobamide coenzyme. The 
adenyleobamide, benzimidazolyleobamide, and  dimethy!l- 
benzimidazolyleobamide coenzymes were found to be equally 
active. Cyanocobalamine is inactive. 

NOTE ADDED IN PROOF 

The requirement for a cobamide coenzyme in the conversion 
of glycerol to 6-hydroxypropionaldehyde by Lactobacillus has 
been demonstrated.* 


4K. L. Smiley, personal communication. 
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The data obtained by studying the exchange of inorganic 
orthophosphate with adenosine triphosphate and of adenosine 
diphosphate with adenosine triphosphate have been used to 
support formulations of the reaction mechanism of oxidative 
phosphorylation. Wadkins and Lehninger (1) have reported a 
number of observations in accord with the proposal shown below. 


; electron ; 
Carrier + 2 = carrier ~ £ (1) 
transport 
Carrier ~ x + Pi @ carrier + rz ~ P (2) 
za~ P+ ADP22x+ ATP (3) 


The evidence cited favoring Reactions 2 and 3 of this sequence 
is as follows: the rate of exchange of ADP with ATP is more 
rapid than that of P; with ATP (2); aging the enzyme prepara- 
tion at 2° leads to complete inactivation of the Pj-ATP exchange 
at a time when the ADP-ATP exchange is only slightly dimin- 
ished; during the aging process the ADP-ATP exchange decreases 
relatively little but its sensitivity to uncoupling agents is lost; 
the P;-ATP exchange is completely blocked by 0.5 mM sucrose (3) 
and by 0.001 m sodium azide, whereas the ADP-ATP exchange is 
unaffected by these conditions; the ADP-ATP exchange is not 
influenced when the concentration of P; is varied from 3 « 10-5 
m to 0.05 m; and a soluble enzyme that can carry out an ADP- 
ATP exchange but not a P;-ATP exchange may be obtained 
from acetone powder extracts of digitonin particles obtained 
from rat liver mitochondria. 

The studies reported below were initially undertaken to re- 
examine the relative rates of the ADP-ATP and P;-ATP ex- 
changes and were extended to cover a comparison of the general 
properties of these reactions. 


EXPERIMENTAL PROCEDURE 


ADP and ATP were obtained from Pabst Laboratories, Type 
III hexokinase from the Sigma Chemical Company, AMP-8-C™ 
and N-ethylmaleimide from Schwarz Laboratories. The AMP- 
8-C" was found to contain radioactive impurities which were 
eluted in the nucleoside di- and triphosphate fractions on chro- 


*This investigation was supported by a research grant, RG- 
5302, from the National Institutes of Health, and by the Jane 
Coffin Childs Memorial Fund for Medical Research. 

t Senior Research Fellow, SF-2, U. S. Public Health Service. 

t Fellow of the Jane Coffin Childs Memorial Fund. 


matography on Dowex 1. The material was therefore purified 
by chromatography prior to use. Pentachlorophenol and sodium 
azide came from Eastman Kodak Company, sodium azide was 
also obtained from Matheson Coleman and Bell Company. The 
sodium azide was recrystallized three times prior to use. H3P”0O,4 
was obtained from Oak Ridge National Laboratories. Partially 
purified muscle adenylate kinase was purchased from the Nu- 
tritional Biochemicals Company. 

ADP labeled in the terminal phosphate was prepared as 
previously described except that the ADP® was rechromato- 
graphed on Dowex (4). 

Digitonin particles were prepared by two different methods 
(5, 6). The fraction sedimenting between 50,000 to 100,000 x g 
was used in both cases. Protein was determined by the method 
of Lowry et al. (7). All particle suspensions were adjusted to 
contain 3.0 mg of protein per ml before use. An acetone powder 
extract of digitonin particles was prepared in the following 
manner; a freshly prepared particle suspension containing 30 mg 
of protein per ml was stirred into 20 volumes of redistilled acetone 
chilled to —20°. The resulting precipitate was filtered on a 
Buchner funnel and washed with acetone chilled to —20°. The 
washed precipitate was dried over KOH pellets and paraffin 
shavings at 0°. The powder, 75 mg, was triturated with 3.5 ml 
of 0.01 m potassium phosphate, pH 6.7, and stirred for 45 minutes 
at 0°. The suspension was centrifuged at 100,000 x g for 30 
minutes. The resulting supernatant solution was used without 
further treatment. 

The particles and acetone powder extracts were pretreated 
with AgNOs by incubating 1 volume of enzyme with 0.6 volume 
of 2.5 X 10-* m AgNO; for 20 minutes at 0°. An aliquot con- 
taining the indicated amount of protein was then added to the 
experimental vessels. 

The exchange of P; with ATP was determined by a modifica- 
tion (5) of the method of Nielsenand Lehninger (8). The reaction 
was stopped by the addition of 3 volumes of 5% trichloroacetic 
acid. 

The exchange of ADP with ATP was assayed as follows; the 
reaction was terminated by heating for 1 minute at 100° and the 
reaction vessel stored at —20° prior to analysis. No significant 


differences from the former procedure were detected when the 
reaction was terminated with HC10u,, neutralized with KOH, 
centrifuged, and the supernatant solution chromatographed. 
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The reaction mixture was placed on a Dowex 1-Cl-2X column 
(0.8 x 10cm). Pj and AMP were completely eluted with 45 ml 
of 0.01 n HCl and the ADP was eluted with 45 ml of 0.06 n HCl. 
An additional 10 ml of 0.06 Nn HCl was then run through the 
columns to ensure that the optical density and radioactivity had 
reached background levels prior to the elution of the ATP. The 
ATP was then eluted with 10 ml of 1 N HCl. Liquid samples 
(1 ml) were counted. 

The distribution of isotope in the phosphates of ATP was 
determined in the following manner. After stopping the reaction 
by heating, the mixture was placed on a Dowex 1-Cl-2X column 
(0.6 < 4 cm) and the ADP eluted with 20 ml of 0.05 n HCl. 
An additional 10 ml of 0.05 n HCl was run through to ensure 
that the radioactivity of the eluate had decreased to background 
levels and then the bulk of the ATP was removed with 6 ml of 
0.2 n HCl. The remainder of the ATP was eluted with an 
additional 3 to 6 ml of the same solution. The sum of the radio- 
activity in the last two fractions represented the amount of 
isotope incorporated into the ATP. The first ATP fraction was 
treated in the following manner: 0.1 ml of 0.1 m phosphate buffer 
was added, the pH adjusted to 7.0 to 7.5. After the addition of 
0.1 ml of 1 m MgSO,, 0.5 ml of 0.5 m glucose, and 0.025 ml of a 
solution of Sigma Type III héxokinase (67 mg per ml) that had 
been treated 2 to 3 times with N-ethylmaleimide to inhibit the 
adenylate kinase,! the solution was incubated for 30 minutes at 
25°. At the end of the incubation the solution was chilled, the 
pH adjusted to 9.2 and the reaction mixture was put on a column 
of Dowex 1-Cl-2X (0.6 K 8em). Part of the glucose-6-P passed 
through the column and the bulk was eluted with 7.5 ml of 0.2 
m NH,Cl. An additional 9 to 10 ml of the same eluant was 
passed through the column to ensure that the column was free 
of glucose-6-P. The ADP was then eluted with 7.5 ml of 1 N 
HCl. The total counts in the fractions containing the gliicose- 
6-P and ADP were determined. 

The particulate enzyme was irradiated by placing 0.75-ml 
aliquots containing 3.0 mg of protein per ml in glass dishes 2 cm 
in diameter. The dishes were immersed in crushed ice and the 
Gates lamp, containing one Raymaster type B tube with a 
maximal emission at 360 my, placed 2 to 3 cm above the dishes 
(9). The samples were not agitated during the irradiation 
process. Control dishes covered with a red filter were unaf- 
fected by this treatment. The temperature in the dish during 
irradiation was occasionally determined with a thermocouple and 
was found never to exceed 6°. 


RESULTS 

Relative Rates of Exchange—It has been reported that the rate 
of the ADP-ATP exchange associated with oxidative phos- 
phorylation is considerably more rapid than the P;-ATP ex- 
change (1, 2). However, these rates were not measured under 
identical conditions and it was therefore considered possible 
that the observed rates may be a reflection of differences in the 
composition of the incubation media. 

The data in Table I show that the ADP-ATP exchange cata- 
lyzed by the digitonin particles is linear over a 20-minute period 
and is considerably faster than the P;-ATP exchange when 
these rates are measured under identical conditions. The rates 
were calculated by the method of Duffield and Calvin (10). 


1 The details of this method were generously provided by Drs. 
G. W. E. Plaut and E. Racker. 
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TABLE I 
Relative rates of exchange reactions in digitonin particles 
System contained 0.01 m Pi, 0.0063 m ATP, 0.0014 m ADP, 
0.0075 m KCl, 2.86 X 105 c¢.p.m. ADP*, 4.11 K 10° c.p.m. P;®, 0.30 
mg of protein in a final volume of 1.0 ml, incubated at 22°. The 
final pH was 6.9. 


ADP-ATP exchange 





Incubation time P\-ATP exchange 





min mumoles/min mypmoles/min 
5 13.1 
10 13.8 ye 
15 11.9 


20 13.3 7.2 


The rates shown in Table I represent the portion of the ex- 
change reactions inhibited by 1.5 X 10-4 m pentachlorophenol, 
This inhibition is 100% of the Pj-ATP exchange and approxi- 
mately 80 to 90% of the ADP-ATP exchange under the condi- 
tions employed. The advantage of pentachlorophenol over 2,4- 
dinitrophenol is that it eliminates the exchange reaction associated 
with oxidative phosphorylation without increasing or decreasing 
the breakdown of ATP. 

Effects of Aging—Eight experiments on the effect of aging at 
37° and three on the effect of aging at 0° were conducted. Typi- 
cal results obtained are shown in Fig. 1. Under both conditions 
of aging using the same enzyme preparation, the two exchange 
reactions decline at about the same rate. In other experiments 
the loss of activity caused by aging was complete. 

Effect of Sodium Azide, Sucrose, and AgNO;—Typical effects of 
these agents are shown in Table II. 

There is a parallel degree of inhibition of the two exchange 
reactions by different concentrations of these agents. 

Effect of Irradiation—Irradiation of various enzyme systems 
with near ultraviolet light causes a loss in the ability to carry out 
oxidative phosphorylation, and this ability may be restored by 
the addition of vitamin K, (9, 11). Beyer (12) has reported a 
loss of P;-ATP exchange after irradiation of rat liver mitochon- 
dria and attempts to reactivate this exchange reaction were un- 
successful. Experiments were carried out to determine whether 
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Fic. 1. Effect of aging at different temperatures. System 
contained 0.01 m P;, 0.0056 m ATP, 0.0012 mu ADP, 0.0075 m KCI, 
9.62 X 105 c._p.m. ADP® or 6.46 X 10° c.p.m. P;*, 0.30 mg of pro- 
tein in a final volume of 1.0 ml. The final pH was6.9. Incubated 
5 minutes at 25°. The enzyme was aged by placing 1.0-ml por- 
tions (3.0 mg of protein per ml) in stoppered 12-ml conical tubes 
and keeping them at the indicated temperatures. -++-——+, Pi 
ATP exchange; @——@, ADP-ATP exchange. 
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TABLE II 

Effect of sodium azide, sucrose, and AgNO; 

System contained 0.01 m Pj, 0.0057 m ATP, 0.0010 m ADP, 0.0075 

m KCl, 0.30 mg of protein in a final volume of 1.0 ml. In Experi- 
ment 1, 6.67 X 10° ¢.p.m. ADP® or 3.40 ¢.p.m. P;®? was used; in 
Experiment 2, 4.17 X 105 ¢c.p.m. ADP® or 4.24 X 10° c.p.m. P;*, 
and in Experiment 3, 4.92 X 105 ¢.p.m. ADP® or 3.28 X 10° ¢.p.m. 
P;*. The final pH was 6.9. In Experiment 1 the incubation time 
was 10 minutes at 24°, in Experiment 2, 5 minutes at 25°, in Experi- 
ment 3, 10 minutes at 25°. The concentrations of AgNO; shown 
in the table were those used during the preincubation period. 








| Per cent of inhibition 
Rast. ee — P\-ATP 








| xchange | exchange | Spey a 
| | ADP-ATP | Pj-ATP 
| mpmoles | mmoles 
1 None | 1385 | 78 
5 X 10-° um NaN; 120 | 7% | Il 4 
1X10*mNaN; | 100 | 58 | 26 24 
5X10*m NaN; | 57 | 22 | 58 62 
1X 10%*mM NaN; | 15 8 89 94 
2 | None | 87 | 2 
0.035 M sucrose 32 | 13 44 48 
| 0.05 M sucrose 20 | 10 | 65 60 
| 0.10 mM sucrose os 2 95 92 
| 0.20 m sucrose | 0 | 0 100 100 
3 | None | 7 | 53 | 
| 2.1 X 10-§ m AgNO; | 51 {| 35 | 30 | 34 
| 3.6 X 10-'m AgNO; | 33 20 | 55 62 
| 5.8 X 10-5 m AgNO; | 7 7 | . 87 
8.0 X 10-5 m AgNO; | 4 1 | 95 | 98 
TaB_e IIT 


Effect of irradiation by near ultraviolet light 
System contained 0.01 m P;, 0.0057 m ATP, 0.0011 m ADP, 0.0075 
m KCl, 4.61 X 105 c.p.m. ADP® or 3.56 X 10° c.p.m. P;**, 0.30 mg 
of protein in a final volume of 1.0 ml, incubated 10 minutes at 24°. 
The final pH was 6.9. 

















| | Per cent of inhibition 
Irradiation ADP-ATP Pj-ATP 
time exchange exchange | sn 
| ADP-ATP | Pj-ATP 
min mpmoles mpmoles | 
0 121 90 | 
15 97 70 | 20 | 22 
30 80 57 34 C| 87 
45 61 40 49 55 
60 4 | 30 #=+|~ 64 | 67 
75 29 17 76 81 
90 21 12 | 83 | 86 
105 16 4 87 | 95 











one or both of the exchange reactions catalyzed by digitonin 
particles are affected by near ultraviolet light and if so whether 
this activity can be restored. The results shown in Table III 
demonstrate that both of the exchange reactions are sensitive to 
this treatment and that the loss in activity occurs at the same 
rate. 

Attempts to restore the activity by preincubation of the ir- 
radiated enzyme or addition to the incubation medium of the 
following compounds over a wide range of concentrations were 
uniformly unsuccessful: flavin mononucleotide, FAD, DPN, 
bovine serum albumin, ethylenediaminetetraacetic acid, GSH, 
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ATP plus MnCh, MgSO,, ATP plus MgS0O,, or solutions of 
vitamin K,, a-tocopherol, or coenzyme Qio in 95% ethanol. 

Effects of Inorganic Phosphate—The stimulation by P; of the 
P;-ATP and the ADP-ATP exchange reactions is shown in Fig. 2. 
The lowest concentration of P; shown is an average value because 
the concentration of P; changed from 0.11 to 0.18 «x 10-4 m 
during the experiment owing to ATPase activity. The effect of 
P; on the P;-ATP exchange has been previously reported (4). 

It was found that the effect of P; on the ADP-ATP exchange 
is the same when this reaction is measured either with ADP® or 
ADP-8-C™. Six such experiments were carried out and each 
yielded the same results. Precautions were taken to ensure 
that the final pH (6.90 + 0.05) was identical in all vessels. 
Measurements of the pH at the end of the experiments indicated 
that no change had occurred. 

Effect of ADP Concentration—Fig. 3 shows the magnitude of 
both exchange reactions in the presence of different concentra- 


120- 
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myMOLES EXCHANGE 
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Fig. 2. Effect of Pi. System contained 0.0057 m ATP, 0.0010 
M ADP, 0.0075 m KCl, 4.29 X 105 ¢.p.m. ADP® or 6.18 c.p.m. P;*, 
0.30 mg of protein in a final volume of 1.0 ml. Incubated 10 min- 
utes at 25°. X—— xX, Pi-ATP exchange, e——@, ADP-ATP 
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Fig. 3. Effect of ADP. System contained 0.01 m Pi, 0.0057 m 
ATP, 0.0075 m KCl 1.86 X 105 — 1.44 X 10% c.p.m. ADP® depending 
on the ADP concentration, 6.46 X 10* c.p.m. P;**, 0.30 mg of pro- 
tein in a final volume of 1.0 ml. The final pH was 6.9, incubated 
15 minutes at 25°. X—— xX, P;-ATP exchange, O——O;; total 
ADP-ATP exchange observed, O——© ADP-ATP exchange in 
presence of 1.5 X 10-4 m pentachlorophenol; @——e@, Curve 4 
minus Curve 1. 
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200 300 400 
/S 1/S 

Fig. 4. Competitive inhibition by ADP. System contained 
0.01 m Pi, 0.0075 m KCl, 8.40 X 10° e.p.m. ADP® or 3.93 X 10° 
c.p.m. P;*, 0.30 mg of protein in a final volume of 1.0 ml. The 
final pH was 6.9. Incubated 10 minutes at 25°. Ordinate, m™ 
per 10 minutes, abscissa, m~! per liter. Curve 1, 0.001 m ADP; 
Curve 2, 0.003 m ADP; Curve 3, 0.004 m ADP. 
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tions of ADP. At the lowest levels of ADP, the variation be- 
tween initial and final concentrations were 0.32 to 0.46, and 0.54 
to 0.66 x 10-° m and therefore the average specific activity was 
used to calculate the ADP-ATP exchange. In all other cases 
the variation was negligible. In the presence of pentachloro- 
phenol the ADP-ATP exchange reaction increased with in- 
creasing ADP concentration. In a number of experiments both 
exchange reactions were inhibited to the same degree by in- 
creasing ADP concentrations. 

The inhibitory effect of ADP on both exchange reactions is 
suggestive that ADP may be acting as a competitive inhibitor for 
the ATP. The results in Fig. 4 support this hypothesis. The 
slopes and intercepts were determined by the method of least 
squares. The variations in the intercepts were all within the 
calculated standard deviation. 

Evaluation of Adenylate Kinase Activity—During the examina- 
tion of the ADP-ATP exchange catalyzed by the particles them- 
selves, it became apparent that the magnitude of the correction 
applied to account for adenylate kinase activity varied con- 
siderably with different assay conditions. Wadkins and Lehn- 
inger (1) measured the adenylate kinase activity by determining 
the ADP formed in the presence of 0.005 « AMP and 0.005 m 
ATP. This type of measurement does not reveal the true value 
of the correction to be applied since the ADP-ATP exchange 
reaction was normally measured with 0.005 m ATP and 0.001 
mM ADP, without any AMP present. The normal control for 
adenylate kinase employed in these studies was the incorporation 
of isotope from ADP® into ATP observed in the presence of 1.5 X 
10-4 m pentachlorophenol. 

Both the Pj-ATP and ADP-ATP exchange reactions thought 
to be associated with oxidative phosphorylation are sensitive to 
sulfhydryl binding reagents (1, 4). This is also confirmed by the 
data on the effect of AgNO; shown in Table II (Experiment 3). 
On the other hand, adenylate kinase from liver (13), unlike that 
from skeletal muscle, has recently been reported to be insensitive 
to silver. Therefore the magnitude of ADP-ATP exchange reac- 
tion catalyzed by digitonin particles pretreated with silver should 
provide an additional estimate of the portion of the total ex- 
change due to adenylate kinase. This rate of exchange proved 
to be similar to that obtained in the presence of pentachloro- 
phenol. 
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The data shown in Table IV are the results of an experiment 
designed to evaluate the following: (a) the relative ADP-ATP 
exchange rates of digitonin particles and of a soluble enzyme 
system derived from acetone powder extracts of digitonin par- 
ticles, (b) the adenylate kinase activity of both of these enzyme 
preparations, and (c) the effect of 0.005 m Mg++ on the activities 
associated with the soluble enzyme system. 

The following points deserve emphasis. With the particles, 
the effect of increasing the concentration of ADP is to decrease 
the total observed exchange and to increase the amount of ey- 
change observed in the presence of pentachlorophenol. This is 
in keeping with the results shown in Fig. 3. In addition, a 
significantly greater reaction occurs at the lower level of penta- 
chlorophenol than either at the higher concentration or with 
Independent tests with purified muscle adenylate 
kinase have shown that 1.5 X 10-4 m pentachlorophenol causes a 
20 to 30% inhibition. The estimate of the adenylate kinase 
activity is considerably higher under conditions employed to 


silver. 


measure exchange than by determining the conversion of AMP 
plus ATP to ADP. 

In contrast to these results, the soluble enzyme exhibits the 
following properties. Increasing the concentration of ADP 
leads to an elevation of the extent of the ADP-ATP exchange 
reaction and this reaction is not affected by 5 X 10-° Mm penta- 
An evaluation of the adenylate kinase activity 
in two different ways, namely by measuring the conversion of 
ADP® to ATP plus AMP, and the formation of ADP from 
AMP-8-C® plus ATP indicates that this activity is high relative 
to the exchange reaction. This preparation did not catalyze a 
P;-ATP exchange. When the soluble enzyme is supplemented 
with Mg** results similar in some respects to those with parti- 
cles are obtained. Increasing the ADP concentration slightly 
diminishes the over-all reaction and an evaluation of the adenylate 
kinase by measuring the formation of ADP from AMP plus ATP 
indicates that it is considerably lower than the exchange reaction. 
However, when the adenylate kinase is evaluated by deter- 
mining the conversion of ADP® to ATP plus AMP a sub- 
stantially higher estimate results. This particular assay ap- 
pears to be a valid one since the isotope from the ADP* is found 
to be evenly distributed in the two terminal phosphates of the 
ATP formed during the experiment. This is true both in the 
presence and absence of Mg++. 


chlorophenol. 


DISCUSSION 

The results reported above are markedly different from those 
reported by Wadkins and Lehninger (1). The reasons for the 
discrepancies are not obvious. The enzyme system employed 
was essentially the same, 7.e. digitonin particles obtained from 
rat liver mitochondria. For each section of the data reported 
above, at least one experiment was conducted in which both types 
of particle preparations were made from the same mitochondria. 
On all occasions the same qualitative results were obtained. The 
only difference consistently observed was that the particles ob- 
tained by the method of Cooper and Lehninger (5) had a con- 
siderably greater specific activity. 

We have been unable to show any difference on the Pj-ATP 
and ADP-ATP exchange reactions in the effects of the following: 
(a) aging at 0° or 37°, (6) P; concentration, (c) ADP concentra- 
tion, (d) irradiation by near ultraviolet light, and (e) inhibitors 
such as sodium azide, sucrose, pentachlorophenol, and AgNOs. 
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TaBLE IV 
Relative ADP-ATP exchange in particulate and soluble enzymes 


System contained 0.01 m P;, 0.0075 m KCl, the indicated nucleotides and 3.63 X 105 c.p.m. ADP® or 2.06 X 10° ¢.p.m. AMP-8-C™ 
0.15 mg of particulate enzyme or 0.13 mg of soluble enzyme per 0.50 ml. The final volume was 0.50 ml except in the case of the particu- 
In this case the final volume was 1.0 ml and 4.12 X 105 c.p.m. AMP-8-C" were used. The 


late enzyme in which AMP-8-C"™ was used. 


? 


final pH was 6.9. All vessels were incubated 20 minutes at 25°. The following additions were made where indicated: 5 X 10- m penta- 
chlorophenol (low pentachlorophenol), 1.5 X 10-¢ m pentachlorophenol (high pentachlorophenol); 0.005 m MgSO,. The silver treated 


enzyme was prepared as described in the text. 












































| Enzyme 
| 
Nucleotide concentration | Additions Particle Soluble 
tit d 
neces | Extent of reaction c.p.m. in B-P/ 
Extent of c.p.m. in y-P 
| reaction 
AMP ADP ATP | Low PCP |High PCP| Agt —Mg*t | +Mg*t* | —Mgt+ | +Mg*+* 
aaa. ae: } 
: mM mM mM | myumoles mumoles mumoles 
Incorporation of ADP® into 1.0 se | | | 63 55 294 5.1 3.8 
ATP } + | | 12 52 269 4.7 3.4 
| * | 7 40 186 4.2 3.3 
| | + | 7 34 187 4.6 4.0 
| 
Incorporation of ADP* into | 4.6 5.7 | 41 109 188 2.9 i? 
ATP | + | 17 95 178 2.6 1.9 
| + 11 64 184 2.9 1.8 
| | | + 12 51 137 4.0 2.0 
| 
Formation of ADP from 6.1 | 5.7 | 6 168 54 
AMP-8-C" plus ATP | | | + | 6 138 56 
| + | 6 134 22 
Conversion of ADP# to ATP | 4.6 | | | 201 10 | 0.9 | 1.0 
plus AMP + | | | 201 106 1.0 0.9 
| / + | | 211 116 1.0 1.0 
| | | | + 179 68 1.0 1.0 

















* When soluble enzyme was used with Mg**, 0.013 mg of protein was used. 


The azide employed in these experiments was obtained from 
two different suppliers and recrystallized to minimize the pos- 
sibility that its inhibition of the ADP-ATP exchange was caused 
by an impurity. Qualitatively similar results were obtained in 
experiments investigating the parameters indicated in (a) to (d) 
when bovine serum albumin was added to the incubation medium. 

The only difference observed is that the rate of the ADP-ATP 
exchange is always faster than that of the Pj-ATP exchange but 
this is somewhat equivocal owing to uncertainties involved in the 
evaluation of adenylate kinase. The data in Table IV indicate 
that AgNO; and high concentrations of pentachlorophenol cause 
some inhibition of liver adenylate kinase. Studies with the 
digitonin particles have shown that the incorporation of isotope 
into the terminal phosphate of ATP from ADP® under condi- 
tions used to measure exchange is decreased 60 to 70% by 1.5 X 
10‘ m pentachlorophenol. Thus the value applied to the total 
observed ADP-ATP exchange to correct for adenylate kinase may 
be underestimated by as much as a factor of 3. 

All the proposed mechanisms for oxidative phosphorylation 
envisage a stepwise reaction of Pj and ADP. The data pre- 
sented above do not exclude such a reaction sequence but they 
are also in accord with a different mechanism; the simultaneous 
reaction of P; and ADP at a single enzymic site. The similar 
behavior of the two exchange reactions under all circumstances 
except one strongly suggests that such a formulation is possible. 


The one difference, that of the relative reaction rates, is not 
necessarily conclusive evidence against such a _ hypothesis. 
There is no compelling evidence currently available demonstrating 
that either reaction truly measures the rate of interaction of the 
exchanging component with a high energy intermediate rather 
than absorption or desorption of the reaction components. 
Boyer has previously invoked a similar explanation to account 
for the differences in exchange of ADP with ATP and NH; with 
glutamine catalyzed by the enzyme glutamine synthetase (14) 
and discussed the problems involved in evaluating isotope ex- 
change data (15). 

The ADP-ATP exchange is difficult to evaluate under all 
circumstances since the approximation of the adenylate kinase 
activity varies with the assay method employed. Consider, for 
example, the experiment with the soluble enzyme shown in 
Table IV. When adenylate kinase is determined by measuring 
the formation of ADP from ATP plus AMP a value of 6 mumoles 
is obtained. When it is estimated under the same conditions 
used for measuring exchange higher values are obtained. Thus 
at a high ratio of ATP:ADP the values range from 7 to 12 my- 
moles, whereas at a lower ATP: ADP ratio the values range from 
11 to 17 mumoles. It seems clear that in the presence of AgNOs, 
the observed activity does not represent the reactions believed 
to be associated with oxidative phosphorylation, but it is not 
certain that it can all be attributed to adenylate kinase. Meas- 
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urements have been made with the particulate enzyme, in other 
experiments not shown in Table IV, of the distribution of P* 
in the two terminal phosphates of ATP when the reaction is 
carried out in the presence of pentachlorophenol or enzyme 
treated with silver. In all instances considerably more isotope 
is found in the middle phosphate and the ratios of activity in the 
B:y phosphates range from 4 to 8. There are two obvious 
interpretations. There may be other reactions present that can 
lead to an exchange of ADP with ATP. These preparations 
have been examined for many of these reactions and they appear 
to be absent (1), but this possibility has not been definitely ex- 
cluded. Any reaction that would be present would have to be 
relatively insensitive to silver. A second possibility is that 
adenylate kinase can cause an uneven distribution of isotope un- 
der the appropriate conditions. Experiments have been con- 
ducted with adenylate kinase prepared from pig liver (13) and 
from rabbit muscle. In all instances using the various assay 
conditions described in Table IV involving ADP®, the ratio of 
¢.p.m. in the B-P:c.p.m. in the y-P was 1. These results are 
interpreted to mean that adenylate kinase itself cannot lead to 
an uneven isotope distribution and that the soluble enzyme prob- 
ably contains one or more enzymes, insensitive to silver, that are 
capable of catalyzing an ADP-ATP exchange reaction. These 
results are at variancé with the report by Lehninger that the 
ADP-ATP exchange catalyzed by the soluble enzyme is sensitive 
to sulfhydryl binding agents (16). 

The results obtained with this same enzyme preparation in the 
presence and absence of Mg++ are strikingly different. The 
reaction proceeded to a much greater extent in the presence of 
Mg++ than in its absence. This is in contrast to the results of 
Wadkins and Lehninger (1). In the absence of Mgt+, the 
adenylate kinase measured with ADP® alone or with AMP-8-C™ 
plus ATP is greater than the isotope incorporation measured 
with ADP® plus ATP. In the presence of Mg++ the reverse ob- 
tains. The explanation for these differences is not clear at the 
present time. 


SUMMARY 


The properties of the inorganic orthophosphate (Pj;)-adenosine 
triphosphate (ATP) and adenosine diphosphate(ADP)-adenosine 
triphosphate exchange reactions catalyzed by digitonin particles 
obtained from rat liver mitochondria have been compared. It 
has been found that they are both inhibited to the same extent by 
the following: aging at 0° or 37°; increasing the concentration of 
ADP from 4 x 10-4 M to 0.005 m; inhibitors such as sodium 
azide, sucrose, and AgNQOs; and irradiation by near ultraviolet 
light. They are both stimulated to the same degree by in- 
creasing the P; concentration from 2 x 10-4m to 0.01 m. A 
comparison has been made of the relative rates of the two reac- 
tions and it appears that the ADP-ATP reaction is more rapid. 
This conclusion is uncertain owing to difficulties in evaluating 
adenylate kinase activity. 
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A soluble extract has been prepared from an acetone powder of 
digitonin particles which catalyzes an ADP-ATP exchange that 
is largely insensitive to pentachlorophenol and silver. It is sug- 
gested that a considerable portion of this exchange activity may 
be due to adenylate kinase. 


Acknowledgment—The authors are grateful for the technical 
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Addendum—An inhibition by oligomycin of the Pj-ATP ex. 
change catalyzed by mitochondria and submitochondrial particles 
has been shown by Lardy, Johnson, and McMurray (17). 

The effect of oligomycin (generously provided by Dr. Henry A. 
Lardy) on the exchange reactions catalyzed by digitonin particles 
has been examined. It was found that both the P;-ATP ex- 
change and the portion of the ADP-ATP exchange sensitive to 
pentachlorophenol undergo a parallel, progressive inhibition in 
the presence of increasing amounts of the antibiotic. A 50% 
inhibition of both reactions is produced by 0.11 to 0.14 ug of oligo- 
mycin per 0.3 mg of particle protein per ml. 

This finding is in accord with those reported above that both 
reactions respond identically to a variety of experimental condi- 
tions. 
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The L-amino acid oxidase of Crotalus adamanteus' venom, 
which has recently been crystallized and shown to have a mo- 
lecular weight of approximately 130,000, contains 2 moles of 
flavin adenine dinucleotide per mole of enzyme (1). The en- 
zyme catalyzes the oxidation of a number of L-amino acids 
according to the following equation: 
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H—C—NH; + H20 + O: — C=O + NH; + H:02 = (1) 
| | 


COOH 


This reaction takes place in at least two steps, reduction of the 
enzyme by amino acid, and reoxidation of the enzyme by mo- 
lecular oxygen. It has been shown in this laboratory (2) that 
the first of these steps is reversible. The available data indicate 
that the first oxidation product of the amino acid is an imino 
acid, which is hydrolyzed to the corresponding keto acid and 
ammonia.2 Reaction 1 may therefore be considered to be the 
sum of the following reactions (# is enzyme): 
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H—C—NH, + E—FAD = E—FADH., + | C=NH ] (2) 
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E—FADH, + O02 > E—FAD + HO; (4) 


We postulated previously (4) that Reaction 2 takes place in two 
steps, the first of which leads to the formation of a half-reduced 
enzyme capable of being further reduced by substrate or of 
being reoxidized by molecular oxygen more rapidly than the 
completely reduced enzyme. Such a mechanism would explain 
the marked substrate inhibition exhibited by this enzyme. 
Furthermore, inasmuch as the enzyme has two flavins, the 
complete reduction of the enzyme would involve the dehydro- 





COOH 


(3) 


* The authors are indebted to the National Institutes of Health, 
Public Health Service, and the National Science Foundation for 
generous support of this work. A preliminary account of this 
work was presented at the 138th meeting of the American Chemi- 
cal Society, New York, New York, September 1960. 

} Predoctoral Research Fellow of the National Cancer Institute, 
National Institutes of Health. 

‘Eastern diamondback rattlesnake. 

* The evidence for the formation of an imino acid intermediate 
has been reviewed recently (3, 4). 
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genation of two molecules of amino acid to the corresponding 
imino acid. 

The present report describes kinetic studies which support 
this hypothesis. Although it has been known for some time 
that snake venom L-amino acid oxidase is markedly inhibited by 
high concentrations of certain substrates (5),? explanations pre- 
viously offered for this inhibition (7-9) are not in accord with 
the present results. We reported previously that the completely 
reduced L-amino acid oxidase reacts with oxygen to yield an 
intermediate with a characteristic absorption spectrum before 
reacting with more oxygen to regenerate the oxidized enzyme 
(10). These observations indicate that an intermediate step 
also occurs in Reaction 4. A mechanism consistent with the 
available data is presented here. 


EXPERIMENTAL PROCEDURE 


Materials and Methods—Crystalline L-amino acid oxidase was 
prepared from dehydrated C. adamanteus venom (purchased 
from Ross Allen’s Reptile Institute) as previously described (1). 
L-Leucine was obtained from Nutritional Biochemicals Corpora- 
tion and recrystallized before use. 
products of Schwarz BioResearch, Inc. 

Determination of Reaction Velocity—All determinations were 
carried out manometrically in the Warburg apparatus at 38° as 
previously described (1). The rate of shaking was 112 excur- 
sions per minute, with a stroke of 4 cm in the center of the ves- 
sel. All vessels contained 200 wmoles of 2-amino-2-(hydroxy- 
methyl)-1 ,3-propanediol-HCl buffer (pH 7.45 at 38°) and 150 
umoles of KCl in a final volume of 3.0 ml. Either the enzyme 
or the substrate was added from the side arm after temperature 
equilibration. The center well contained 0.05 ml of 6 n NaOH. 
Enzyme (twice crystallized) of specific activity 6000 or higher 
was used in all experiments. Specific activity and enzymatic 
units are defined as previously (1). Turnover number* was 


Other amino acids were 


3’ Marcus and Feeley (6) have recently published a short com* 
munication giving additional data on the inhibition of th® 
L-amino acid oxidase activity of crude venom preparations by 
several amino acids. 

4 Turnover number (T.N.) is used here to denote moles of sub- 
strate converted per minute per mole of enzyme. Although it has 
been suggested (9) that this term be reserved for the number of 
molecules of substrate converted per minute per active center (as 
determined, for example, by the number of prosthetic groups), 
it must be emphasized that it is not justifiable to equate the 
number of active centers with the number of prosthetic groups 
unless the latter are shown to act independently of one another. 
The term ‘“‘catalytic constant,’’ which has been proposed (9) for 
the quantity defined above, is not suitable since we are concerned 
here with its variation as a function of substrate concentration. 
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calculated on the basis of a molecular weight of 130,000 and a 
specific activity of 7,600 for the pure enzyme. On this basis, 
1.77 X 10" units are equivalent to 1 mole of enzyme. 

In the experiments in which the gas phase was oxygen, the 
flasks were flushed while shaking with pure oxygen saturated 
with water at 38° for 15 to 20 minutes. When a gas phase of 
5% oxygen was used, each flask was flushed with 2 liters of the 
gas mixture over a 4-minute period, while shaking at 38°. Read- 
ings were started 5 minutes after mixing the components and 
continued for 15 or 20 minutes, during which time the rate was 
linear within experimental error. The values obtained may 
therefore be considered to be ‘‘initial velocities.” In the plot- 
ting of the data, the amino acid concentration present in the 
middle of the period of measurement was used. 

RESULTS 

Figs. 1, 2, and 3 describe the effect of varying the concentra- 
tion of L-leucine, L-methionine, and tL-valine, respectively, on 
the rate of oxidation of these amino acids in air and in oxygen. 
It may be seen that L-leucine and t-methionine inhibited the 
reaction markedly at high concentrations. The velocity ex- 
hibited a sharp maximum at a substrate concentration of about 
0.004 mM, with both of these amino acids when the reactions were 
carried out in air. Although a pronounced inhibition by sub- 
strate was also observed under oxygen, the maximal velocity 
occurred at a higher substrate concentration (about 0.008 ). 
In contrast, L-valine produced little or no inhibition at any of 
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Fic. 1. Effect of substrate concentration on the oxidation of 
L-leucine. The reactions were carried out in Warburg flasks as 
described in the text. Ordinate, turnover number X 10-3; ab- 
scissa, L-leucine concentration. O——O, gas phase, air; 0—— 
O, gas phase, oxygen. Curves are calculated (see the text). 
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the concentrations tested, either in oxygen or in air. In order 
to see whether L-valine would produce inhibition at lower oxy- 
gen tensions, the effect of varying the concentration of this 
amino acid was tested under a gas phase of 5% oxygen. Under 
these conditions, as shown in Fig. 4, t-valine began to inhibit 
the reaction at concentrations comparable to those at which 
L-leucine and t-methionine inhibited in air or oxygen. 

Inasmuch as the conditions of the velocity measurements 
were steady state, rather than equilibrium conditions, it may 
not be assumed that the oxygen concentration in the solution 
was in equilibrium with the gas phase. Under a given set of 
conditions (rate of shaking, size and shape of the vessel, amount 
of liquid, ete.), the rate of oxygen uptake, R, is a function of 
its steady state concentration in the liquid phase, (O2)iiguia, and 
of the partial pressure of oxygen in the gas phase, (O2) gas, as ex- 
pressed by the relation, R = Ky, (O2)eas — Ke (Oe)tiquia, (Ky 
and K» are proportionality constants) (11). When R = 0, 
(Oe) tiquia = Ki/K2 (Oz) gas. The ratio, Ai/Koe, therefore, repre- 
sents the solubility of oxygen, which is 23.6 ul ml-! atmosphere 
at 38° (12). The maximal rate of uptake would be obtained 
when (Os)riquia = 0; thus, Rmax = Ki (Oo) gas. To determine 
K,, the rate of oxygen uptake was measured in the presence of 
very high enzyme concentrations, as shown in Fig. 5. From 
these results it was concluded that Rmax is close to 18 ul min 
when the gas phase is air, t.e. when (Oe) ga, = 0.196 atmospheres 
(taking the vapor pressure of water into account). Therefore, 
18 92 


11 =——— = 92 wl min“ atmosphere, and K. = —— = 3.90 
0.196 23.6 

ml min“. The concentration of oxygen in solution may thus 

be obtained for any experiment from the relation, R = 92 


(Os) gas —3-90 (Ox) tiquiae It may be seen that the curve given in 
Fig. 5 is linear, within experimental error, when the rate of oxy- 
gen uptake was below 6 wl min~!. Deviation from linearity at 
higher rates of oxygen uptake is due to decreased concentration 
of oxygen in solution. Since, in the experiments in which the 
effect of amino acid concentration was tested, the amount of 
enzyme was adjusted to yield rates varying from 2 to 6 ul min™ 
(corresponding to oxygen concentrations of 4.1 to 3.1 yl ml“ 
when the gas phase was air, and 21.6 to 20.6 wl ml" for oxy- 
gen), the oxygen concentration was taken as constant in these 
experiments, and the average values, 3.6 ul ml (1.60 x 107 
M) for air and 21.1 wl ml (9.4 X 10-4 M) for oxygen were used 
in the calculations given below. In the experiments carried 
out under 5% Oz» the concentration of oxygen in solution was 
extremely low and may not be taken as being equal in all ves- 
sels. However, the inhibition observed was evidently not due 
to this variation since the oxygen concentration was highest in 
the vessels in which the rate of uptake was lowest. 

It is of interest that if the oxygen concentration is raised 
by a factor of 5.9, the rate of oxidation of L-leucine and L-methio- 
nine is only increased 2.5 to 3.5-fold. With x-valine, at concen- 
trations lower than 0.02 M, substitution of oxygen for air had no 
effect, whereas such substitution increased the reaction rate at 
higher concentrations of valine. 


DISCUSSION 


In their original studies on L-amino acid oxidase, Zeller and 
Maritz (5) observed a characteristic substrate inhibition. 
Zeller suggested (7) that this inhibition was due to the combina- 
tion of two amino acid molecules with the enzyme to yield an 
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calculated on the basis of a molecular weight of 130,000 and a 
specific activity of 7,600 for the pure enzyme. On this basis, 
1.77 X 10" units are equivalent to 1 mole of enzyme. 

In the experiments in which the gas phase was oxygen, the 
flasks were flushed while shaking with pure oxygen saturated 
with water at 38° for 15 to 20 minutes. When a gas phase of 
5% oxygen was used, each flask was flushed with 2 liters of the 
gas mixture over a 4-minute period, while shaking at 38°. Read- 
ings were started 5 minutes after mixing the components and 
continued for 15 or 20 minutes, during which time the rate was 
linear within experimental error. The values obtained may 
therefore be considered to be ‘‘initial velocities.” In the plot- 
ting of the data, the amino acid concentration present in the 
middle of the period of measurement was used. 

RESULTS 

Figs. 1, 2, and 3 describe the effect of varying the concentra- 
tion of L-leucine, L-methionine, and L-valine, respectively, on 
the rate of oxidation of these amino acids in air and in oxygen. 
It may be seen that L-leucine and t-methionine inhibited the 
reaction markedly at high concentrations. The velocity ex- 
hibited a sharp maximum at a substrate concentration of about 
0.004 m, with both of these amino acids when the reactions were 
carried out in air. Although a pronounced inhibition by sub- 
strate was also observed under oxygen, the maximal velocity 
occurred at a higher substrate concentration (about 0.008 o). 
In contrast, L-valine produced little or no inhibition at any of 
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Fic. 1. Effect of substrate concentration on the oxidation of 
L-leucine. The reactions were carried out in Warburg flasks as 


described in the text. Ordinate, turnover number X 10-3; ab- 
O——O, gas phase, air; 0—— 


Curves are calculated (see the text). 
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the concentrations tested, either in oxygen or in air. In order 
to see whether L-valine would produce inhibition at lower oxy- 
gen tensions, the effect of varying the concentration of this 
amino acid was tested under a gas phase of 5% oxygen. Under 
these conditions, as shown in Fig. 4, t-valine began to inhibit 
the reaction at concentrations comparable to those at which 
L-leucine and Lt-methionine inhibited in air or oxygen. 

Inasmuch as the conditions of the velocity measurements 
were steady state, rather than equilibrium conditions, it may 
not be assumed that the oxygen concentration in the solution 
was in equilibrium with the gas phase. Under a given set of 
conditions (rate of shaking, size and shape of the vessel, amount 
of liquid, ete.), the rate of oxygen uptake, R, is a function of 
its steady state concentration in the liquid phase, (O2)1iquia, and 
of the partial pressure of oxygen in the gas phase, (O2) gas, as ex- 
pressed by the relation, R = Kyi (O2)gas — Ke (O2)iiquia, (Ky 
and Ke are proportionality constants) (11). When R = 0, 
(Oc) 1iquia = Ki/Ke (Ox) gas. The ratio, K,/Ke, therefore, repre- 
sents the solubility of oxygen, which is 23.6 ul ml! atmosphere 
at 38° (12). The maximal rate of uptake would be obtained 
when (O2)jiquia = 0; thus, Rmax = Ki (O2)gas. To determine 
Ky, the rate of oxygen uptake was measured in the presence of 
very high enzyme concentrations, as shown in Fig. 5. From 
these results it was concluded that Rmax is close to 18 yl min 
when the gas phase is air, 7.e. when (O2) a, = 0.196 atmospheres 
(taking the vapor pressure of water into account). Therefore, 

: 18 ' , 92 

1 =- = 92 ul min atmosphere", and AK, = = 3.90 

0.196 23.6 
ml min-!. The concentration of oxygen in solution may thus 
be obtained for any experiment from the relation, R = 92 
(O2) gas —3.90 (Oe) tiquia. It may be seen that the curve given in 
Fig. 5 is linear, within experimental error, when the rate of oxy- 
gen uptake was below 6 ul min“. Deviation from linearity at 
higher rates of oxygen uptake is due to decreased concentration 
of oxygen in solution. Since, in the experiments in which the 
effect of amino acid concentration was tested, the amount of 
enzyme was adjusted to yield rates varying from 2 to 6 ul min™ 
(corresponding to oxygen concentrations of 4.1 to 3.1 ul ml“ 
when the gas phase was air, and 21.6 to 20.6 wl ml-! for oxy- 
gen), the oxygen concentration was taken as constant in these 
experiments, and the average values, 3.6 ul ml (1.60 x 10° 
M) for air and 21.1 ul ml-! (9.4 xX 10-4 M) for oxygen were used 
in the caleulations given below. In the experiments carried 
out under 5% Oz» the concentration of oxygen in solution was 
extremely low and may not be taken as being equal in all ves- 
However, the inhibition observed was evidently not due 
to this variation since the oxygen concentration was highest in 
the vessels in which the rate of uptake was lowest. 

It is of interest that if the oxygen concentration is raised 
by a factor of 5.9, the rate of oxidation of L-leucine and t-methio- 
nine is only increased 2.5 to 3.5-fold. With u-valine, at concen- 
trations lower than 0.02 M, substitution of oxygen for air had no 
effect, whereas such substitution increased the reaction rate at 
higher concentrations of valine. 


sels. 


DISCUSSION 


In their original studies on L-amino acid oxidase, Zeller and 
Maritz (5) observed a characteristic substrate inhibition. 
Zeller suggested (7) that this inhibition was due to the combina- 
tion of two amino acid molecules with the enzyme to yield an 
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Fic. 2. Effect of substrate concentration on the oxidation of L-methionine. Ordinate, turnover number X_ 10-3; abscissa, 
‘methionine concentration. O——O, gas phase, air; 7——(, gas phase, oxygen. Other conditions as in Fig. 1. Curves are 
alculated (see the text). 
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Fic. 3. Effect of substrate concentration on the oxidation of L-valine. Ordinate, turnover number X 10-*; abscissa, L-valine concen- 
tration. O——O, gas phase, air; O——D, gas phase, oxygen. Other conditions as in Fig. 1. 
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Fic. 4. Oxidation of L-valine at low oxygen concentrations. 
Ordinate, turnover number X 10~?; abscissa, L-valine concentra- 
tion. Gas phase, 5% oxygen. Other conditions as in Fig. 1. 


inactive complex. It may be shown with the classical steady- 
state treatment of enzymatic mechanisms (13), that a mecha- 
nism involving such an inactive complex, expressed symbolically 
as follows,*® 

ks 
—— EH, + IA (5) 


E+ AA EAA 





k 
EAA + AA == E(AA)s (6) 


6 


k 
EH, + 0: == EHLO: 





ks inl 
— E+ H.0. (7) 


would yield the following kinetic equation: 


S? oe (8) 
» (AA) vo ao P 
ko + kg 1 1 k; + ks ky 
etic + 2s = - +—,¢ = oe ae © 
in which a lake b ks + : ( Toke and « i 


’ 


; ‘ Ey) . 
It may be seen from this equation that when (Ey) is plotted 
v 


against (AA) at constant (Oz) the curve obtained must always 
be concave upwards (7.e. the slope must always increase as the 
amino acid concentration increases) and it must approach an 
asymptote at high amino acid concentration, the slope of which 
rn 
Plots of (£1) 
» 
against (AA) for the oxidation of t-leucine and L-methionine in 
an atmosphere of air and pure oxygen are shown, respectively, 
in Figs. 6 and 7. It is clear that the conditions required by 


(d) is independent of the oxygen concentration. 


5 The abbreviations used are: E, enzyme; AA, amino acid; IA, 
imino acid; KA, keto acid; (£;), total concentration (moles per 
liter) of enzyme; v, initial velocity (moles per liter per minute). 

6 The derivation of the equations given below is described in 
detail elsewhere (14). 
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the mechanism represented by Equations 5 to 7 are not satisfied 
by the experimental results. 

Another explanation for the inhibition, proposed by Singer 
and Kearney (8), postulates competition between the amino 
acid and oxygen. A similar mechanism was proposed by Dixon 
and Webb (9) to explain the inhibition observed in experiments 
in which methylene blue was used as the electron acceptor. 
Competition between the amino acid and methylene blue was 
proposed, and kinetic data were presented in support of this 
hypothesis. Such a mechanism, represented symbolically as 
follows: 





k ky 
E+ AA == EAA —— EH. + IA (9) 
kg 
EH, + AA === EH,AA (10) 
ks ks 
EH, + O: == EHO: ——> E + 0: (11) 


yields the kinetic equation: 











(E,) Pe ; c d(AA) po 

; aa (Ov) + (Os) ad 

in which a = mt ee + c= Ri + he Ks(kr + ks) 
kiks * ky ks keke ’ kiskeks ” 


and (Oe) may represent either the oxygen or methylene blue 
concentration. Here again, the equation shows that plots of 
(E,) 

against (AA) at constant (O2) must always be concave 
upwards and will approach a straight line at high amino acid 


concentrations. In this case, the slope of the asymptote, 


d 
(O2)’ 
must be inversely proportional to the concentration of the elec- 
tron acceptor. Although the data of Dixon and Webb (9) are 
consistent with this mechanism, it should be noted that (a) the 
number of points obtained in the concentration range where in- 
hibition occurs is too small to determine whether or not they 
fall on a straight line, and (6) the highest amino acid concentra- 
tion used was only 0.0125 Mm, and the possibility exists that at 
higher amino acid concentrations the lines may curve downward 
significantly (cf. Figs. 6 and 7). 

Since the data obtained in the experiments reported here do 
not fit either of these two mechanisms, another explanation for 
the substrate inhibition was sought. Since the enzyme contains 
2 moles of FAD per mole, it appears probable that it may react 
with 2 amino acid molecules, accepting 2 hydrogen atoms from 
each, and be reoxidized by 2 oxygen molecules to yield 2 moles 
of hydrogen peroxide, as expressed by the following equations: 





E+AA —“\. EH, +IA (13) 
EH, + AA i. EH, + IA (14) 
EH, + 0, —2+ E+ H.0; (15) 
EH, + O02 =. EH, + H.0, (16) 


The evidence indicates that both flavins may be reduced by 
amino acids. Thus, when t-leucine (or another substrate) is 
added to the enzyme anaerobically, the absorbancy at 462 mp 
decreased by 78% (10), which is not very different from the 
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Fic. 5. Effect of enzyme concentration on the rate of oxygen uptake. Ordinate, oxygen uptake (ul min™') ; abscissa, enzyme concen 
tration (units X 10 per 3ml). Gas phase, air; L-leucine concentration; 0.07 M. Other conditions as in Figure 1. 


decrease observed on addition of excess dithionite to either the 
enzyme (83%), or to free FAD (91% at 450 my) (15). If the 
reaction takes place by the mechanism represented by Equations 
13 to 16, it would be sufficient to postulate that the dihydroen- 
zyme is reoxidized more rapidly than the completely reduced 
enzyme (z.e. that ks; > ks) to account for the inhibition. With 
amino acids that react very slowly with the enzyme (e.g. L-val- 
ine, L-alanine) it may not be possible to obtain concentrations 
high enough to cause inhibition, unless the oxygen concentration 
is reduced to a very low level. This hypothesis is consistent 
with the studies on t-valine (Figs. 3 and 4); thus, inhibition oc- 
curred when the oxygen concentration in the gas phase was 
reduced to 5%. 

In order to see whether the mechanism described by Equations 
13 to 16 is consistent with the results obtained with t-leucine 
and L-methionine, a kinetic equation was derived (Equation 17), 
and the theoretical curves calculated from this equation were 
compared with the experimental data. 


(E,) _ a b c 
» ~ (AA) * Oy * (AA) 4a.) 

1 1 ke ke ks 
= pen g(t - PB -P)anaa- If 
ky > ks, c must be negative, whereas a, b, and d are positive. A 
curve calculated from Equation 17 for the oxidation of L-leucine 
in air is shown in Fig. 1 (lower curve) and Fig. 6 (upper curve). 
The oxygen concentration was taken as 1.60 x 10-* m (see 
above), and the values of the constants were taken as: a = 
8.80 x 10-4 min M; 6 = 14.69 min M;c = 0.678 min m;d = 351. 
These values were selected to obtain the best fit of the experi- 
mental data. A curve for L-methionine oxidation in air, calcu- 





(17) 
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in which a = ‘ 
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Fic. 6. Comparison of curves calculated from Equations 17 or 
22 with experimental data obtained for the oxidation of u-leucine 
(see Fig. 1). (The constants used are given in Table I). Ordinate, 
es X 104; abscissa, amino acid concentration. 


lated with the following values of the constants, a = 9.73 x 10-4 
min M;b = 9.99 min m;c = —0.471 min mM; d = 394, and the 
same oxygen concentration is plotted in Fig. 2 (lower curve) and 
Fig. 7 (upper curve). It may be seen that both curves fit the 
experimental values rather closely. 
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Fic. 7. Comparison of curves calculated from Equations 17 or 22 with experimental data obtained for the oxidation of L-methionine 


(see Fig. 2). (The constants used are given in Table I). Ordinate, 


According to Equation 17, the velocity of the reaction at very 
high amino acid concentrations (AA — ) should be propor- 
tional to the concentration of oxygen. However, this is not the 
case. When pure oxygen was substituted for air in the gas 
phase, leading to about a 6-fold increase in the oxygen concentra- 
tion in the solution, the velocity of the reaction at high concen- 
trations of t-leucine and t-methionine increased only approxi- 
mately 3-fold. This suggests that oxygen forms a complex with 
the reduced enzyme before the hydrogen transfer takes place to 
yield hydrogen peroxide. Kinetic data which are consistent 
with the formation of such a reduced enzyme-oxygen complex 
before reoxidation of the flavin have also been obtained by Gut- 
freund and Sturtevant (16) for xanthine oxidase. Even the 
reduced forms of free FAD and flavin mononucleotide appear to 
form such complexes with oxygen (17). Since enzyme-substrate 
complexes are undoubtedly formed with the amino acids as well, 
the above mechanism must be modified to include these inter- 


mediates. Thus, 
ky ks 
E+ AA — EAA — >» FH. + IA (18) 
ky = ke 
EH, + AA ~~ > EH,AA —— EH, + IA (19) 
EH: + O2 == EHO. » E + HO, (20) 
a kyo kyo 
EH, + Os 7 = EH,( Yo scnimiaiaeinte EH, + H,( Yo (21) 
11 


The equation derived from this mechanism may be written in 
the form: 
(E,) a be 


= — +1] — 4+ —— (22) 
v (AA) ahs (Oz) * d(QOz) + (AA) 


(E 


44) 


X 10'; abscissa, amino acid concentration. 











where 
ko + ky l 1 Kir + Rie 

a= ; b, = +—, b, = — 
ky ks ks kyo kiokye2 
= ooh ks + ke ko + ks kzko(ks + ke) (Kir + Rie) 
7 kyke kiks kgkekyokve(ks + ko) : 
krko(ks + ke) re : -) 

i spires , k; ky ke kie dm kzko(ks + ke) 





kke(ks + ko) ~— kake(ke + ks) 


This equation contains six constants the values of which must 
be known in order to calculate the velocity of the reaction at any 
amino acid and oxygen concentration. Their values are a func- 
tion of the affinities of the enzyme for the amino acid and for 
oxygen, and the rates of the several hydrogen transfers. The 
constants may be determined by comparing curves calculated 
from the equation with experimental curves. For any constant 
value of (Oz), Equation 22 is equivalent to Equation 17. The 
constants found to give the best fit of the experimental data 
obtained for the oxidation of t-leucine and t-methionine are 
given in Table I. The curves calculated from Equation 22, 
with the constants given in Table I, are plotted in Figs. 1, 2, 6, 


TaBLeE [ 
Values used in calculation of curves shown in Figs. 
1, 2,6, and 7 from Equation 22 


L-Leucine L-Methionine 
a = 8.80 X 10°‘ min a = 9.73 X 10°‘ min M 
b, = 9.32 min b, = 4.68 min 
b. = 8.60 X 10-4 min M b. = 8.50 X 10-4 min M 
c, = —0.200 min m c, = —0.234 min M 
co = —2.99 X 103 min Co = —1.48 X 103 min 
d = 351 d = 394 
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and 7 (upper and lower curves). It may be noted that the cal- 
culated curves for air in these figures are identical with those 
obtained from Equation 17. 

It may be concluded from these results that the data are con- 
sistent with a mechanism involving the formation of a half- 
reduced enzyme which is reoxidized by oxygen more rapidly than 
the fully reduced enzyme. Although the kinetic data provide 
no information on the exact nature of this intermediate, other 
studies on the mechanism of the amino acid oxidase reaction 
suggest that it may be a free radical form of the enzyme. Thus, 
Beinert (18) observed the transient appearance of a broad ab- 
sorption band with a maximum near 550 my during oxidation 
of t-leucine by L-amino acid oxidase in the presence of air, and 
concluded that it was due to a free radical intermediate. Free 
radicals have also been detected directly by electron spin reson- 
ance during the reaction catalyzed by p-amino acid oxidase and 
other flavoproteins (19). In view of the known reactivity of 
oxygen towards free radicals, such an intermediate may be 
expected to be reoxidized more rapidly than the fully reduced 
enzyme. 

The following mechanism, based on the above considerations, 
is tentatively suggested. The amino acid forms a complex with 
the enzyme and donates two hydrogen atoms, one to each FAD, 
yielding a dihydroenzyme, and an imino acid which is hydrolyzed 
to ammonia and the corresponding keto acid (Fig. 8, steps 1, 2, 
and 3). This half-reduced enzyme is rapidly reoxidized by 
oxygen (steps 4 and 5). In the absence of oxygen, or in the 
presence of high concentrations of amino acid, a second amino 
acid molecule reacts with the half-reduced enzyme to yield a 
fully reduced enzyme (steps 6, 7, and 8), which reacts slowly 
with oxygen (steps 9 and 10). It is also possible that oxygen 
may react with the fully reduced enzyme by removing two hydro- 
gen atoms from the same FAD (step 11) to yield an enzyme 
containing one reduced and one oxidized FAD. This possibility 
is considered in view of the results reported earlier (10) that 
demonstrated the formation of an intermediate on reoxidation 
of the fully reduced enzyme by small amounts of oxygen. If 
the amino acid always donates one hydrogen atom to each FAD, 
the intermediate formed in step 11 would not be expected to be 
reduced by amino acid, because one FAD is already fully re- 
duced. The intermediate reported previously (10) has the prop- 
erties to be expected of such a form of the enzyme; thus, it is not 
reduced by amino acids, but it may be reduced by dithionite. 
Furthermore, it reacts with oxygen to yield the fully oxidized 
enzyme. Although one might expect the spectrum of such a 
form of the enzyme to be the average of that of the fully oxidized 
and fully reduced enzyme, provided the two prosthetic groups 
do not interact, it seems probable that if they were in close 
proximity, the spectrum would be considerably affected. 

The mechanism from which Equation 22 has been derived 
includes only one pathway for the reoxidation of the fully re- 
duced enzyme (Fig. 8, steps 9 and 10). Inasmuch as the fully 
reduced enzyme could be reoxidized, alternatively, by another 
pathway (Fig. 8, steps 11, 12, and 13), or perhaps by both path- 
ways, it may be asked whether these possibilities may be dis- 
tinguished kinetically. Kinetic equations have been derived for 
these two additional possible mechanisms, and it has been found 
that each has the form of Equation 22. These three possibilities 


are therefore not distinguishable by a steady state kinetic 
analysis. 
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Fic. 8. Tentative scheme for the mechanism of L-amino acid 
oxidase. 

It has been shown above that the mechanism suggested in Fig. 
8 is consistent with the available kinetic and spectrophotometric 
data concerning L-amino acid oxidase. However, it is evident 
that no mechanism can be unambiguously proven by kinetic 
data alone. The final proof of such a mechanism must depend 
on more direct identification or isolation of the intermediates 
involved, and a detailed knowledge of the structure of the en- 
zyme. 

SUMMARY 

These studies were undertaken in an effort to elucidate the 
striking substrate inhibition of the L-amino acid oxidase reaction 
observed with certain amino acids and the previously reported 
evidence for an intermediate formed in the reoxidation of the 
reduced flavoprotein. A kinetic study of the reaction was 
carried out with t-leucine, L-methionine, and t-valine in the 
presence of various concentrations of oxygen. In air or in oxy- 
gen, L-leucine and t-methionine, in concentrations above 0.01 M, 
inhibited the reaction markedly, whereas little or no inhibition 
was observed with t-valine. With 5% oxygen, t-valine also 
produced inhibition above 0.01 m. The kinetic data are con- 
sistent with a mechanism involving a two-step reduction of the 
enzyme by the amino acid. We propose that the enzyme, which 
possesses two prosthetic groups, reacts with a molecule of amino 
acid to yield a half-reduced enzyme. This may react with 
oxygen or be reduced further by another molecule of amino acid. 
The inhibition is accounted for if the half-reduced intermediate 
reacts with oxygen more rapidly than the fully reduced enzyme. 
This transient intermediate may be similar to the free radical 
suggested by other investigators as an intermediate in this and 
other flavoprotein-catalyzed reactions. The intermediate we 
reported previously, which exhibits a characteristic spectrum, is 
formed on reoxidation of the fully reduced enzyme, and is differ- 
ent from that formed on reduction of the enzyme by the amino 
acid. It may be a form of the enzyme containing one reduced 
and one oxidized flavin. Such an interpretation appears to be 
consistent with all of the available data. 
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It has been noted elsewhere (1, 2) that the large number of 
methods for determining manganese in samples of biochemical 
interest has produced limited amounts of published data. This 
essential micronutrient, being primarily intracellular, occurs in 
extremely low concentrations in such extracellular pools as serum 
and plasma. Conversely, these fluids are enriched with ele- 
ments which are apt to hinder the assay for manganese or for 
many other ‘‘trace”’ constituents. Hence such systems seemed 
ideal for testing the potentiality of neutron activation analysis, 
particularly after Bowen (3) had shown the high sensitivity of 
this procedure. 

In order for this approach to be effective it should meet the 
following requirements. It should be inherently simple. Its 
accuracy and precision should be within +5% for a mean of 
the order of 1 X 10>! g, so that tissue fluids can be assayed 
sequentially, even in a small animal such as the mouse. 

The present communication shows how these requirements 
have been met by means of neutron activation analysis and 
gives examples of the usefulness of this approach in biochemical 
work. Before this study, it has been thought that the concen- 
tration of manganese is characteristic of a given organ rather 
than of the species from which the organ was obtained. The 
present data indicate that this conclusion may have to be re- 
vised. 


EXPERIMENTAL PROCEDURE 


Materials and Methods 


1. Instruments—The reactor used was the B.N.L. Graphite 
Research Reactor, which operated between 17 and 20 megawatts, 
yielding a total neutron flux of 1.07 x 10" neutrons per cm? per 
second, with a “Cadmium ratio’! of about 38 at the facility 
used. The ambient temperature was less than 90°. 

The gamma ray spectrometer unit included a thalium-acti- 
vated cylindrical NaI crystal (diameter, 12.75 em; height, 10.20 
em; shielded and mounted to a 12.75-em DuMont Photomulti- 
plier Tube). This was connected to a preamplifier, a linear 
amplifier (Cosmic Radiation Laboratories), a power supply 


* This work was supported by the United States Atomic Energy 
Commission. Presented in part at the meeting of the Federation 
of American Societies for Experimental Biology, Chicago, Illinois, 


tICA Participant from the National University of Athens, 
Greece. 

‘A measure of the ratio between the thermal and the resonance 
neutron flux (22). It is defined by the ratio of the neutron intensi- 
ties recorded by the same device in the absence and in the presence 
of cadmium shielding. 


(Beva Laboratory model 300), and a Penco model PA-4 100 
channel pulse-height analyser. (Conventional apparatus might 
be used if desired.) 

The Coleman Universal spectrophotometer, model 14 with 
cuvette No. C, was used. Filtration apparatus (Millipore Com- 
pany, catalogue No. XX10 025 00) was provided with white 
millipore paper (catalogue No. HAWPO2500). Quartz pipettes 
calibrated to deliver 50 and 100 ul of water were used. The 
demineralizer used was the Bantam model BD-1 from the 
Barnstead Company. 

The tube holder is shown in Fig. 1. Its essential feature was 
that it kept the tubes slightly bent so that the sample remained 
localized in the middle during drying. A simple rack, holding 
one or two polyethylene tubes (Clay-Adams, Ine. P.E 390), can 
be constructed by sealing a glass rod across the top of a 30-ml 
beaker and covering it with a 250-ml beaker. 

The Dobeckmun Heat Sealer (model No. DS-150-W), needles 
(Yale, disposable, plastic hub, 18-20 gauge), and aluminum 
planchets, I.D. 3.1 em and O.D. 4.0 em, were used. 

2. Reagents—Water, triple distilled and demineralized, was a 
reagent used, as was distilled nitric acid, Baker’s Reagent Grade 
concentrated HNQO3;, which was handled as recommended by 
Thiers (4). 

The manganese standard was 3.07682 g of Baker and Adamson 
spectrographically pure MnSO,4-H.20, dried to constant weight 
and dissolved in 1000 ml of the demineralized water to provide 
1 mg of Mn per ml (Solution A). One milliliter of this was diluted 
to 1000 ml with the demineralized water (Solution B). Fifty 
microliters of this solution contained 0.050 ug of Mn. 
B was considered as unstable. 

The oxidizing solution (5) was a mixture of 75 g of HgSO, 
(Baker and Adamson) dissolved in 400 ml of the concentrated 
nitric acid (Baker’s), 200 ml of distilled water, and 200 mi of 
concentrated phosphoric acid (Baker and Adamson, 89%). 
After the addition of 3 mg of AgNOs, the solution was made up 
to 1000 ml with distilled HO. Of this, 5 ml were diluted to 100 
ml with distilled H:O and ammonium persulfate (Baker and 
Adamson, 1.5 g) was added with a calibrated spoon, for the oxi- 
dation to be described. 

Tetraphenylarsonium chloride powder (K & K Laboratories, 
Inc.) was used in a 1% solution in HO for the precipitation of 
MnO,-. A 0.1% solution of this salt was used for the washing 
of the precipitated tetraphenylarsonium permanganate. 

3. Principles of Procedure—The isotope of manganese en- 
countered in tissues is the stable Mn**. Upon neutron bombard- 
ment this becomes Mn*, which decays with a half-life of 2.58 
hours by emission of energetic beta and gamma rays. If activa- 
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Fic. 1. Tube holder. A, tray; B, cover; C, rack; D, rod; EF, 
tube (4.0 X 0.6 em); S, sample. 


tion conditions are constant, this radionuclide is produced in 
amounts proportional to the parent element Mn*. To control 
these conditions, a standard consisting of a measured quantity 
of manganese is activated with the sample for periods of time 
sufficient to yield statistically significant amounts of Mn*® in 
both. Because elements such as K, Na, Cl, and Br will become 
intensely radioactive and will mask the Mn**, the latter is sepa- 
rated chemically from the mixture of isotopes. This separation 
is facilitated by the addition to the sample of a carrier for man- 
Use of a carrier is not valid unless it be proven that the 
carrier and remains mixed with the radionuclide 
throughout all the chemical steps, a property referred to as ‘“‘true 
earrier.”’ This point is very important when dealing with transi- 
tion group elements such as manganese which may be multivalent 
whereas the carrier used for their separation is divalent and, 
therefore, possibly not a true carrier. Multichannel pulse- 
height analyzers provide resolution and automatic recording of 
gamma energy spectra, thus offering higher precision, accuracy, 
and convenience than do the conventional assemblies. 

4. Method—This consisted of collection of the sample, activa- 
tion in the reactor, addition of carrier, wet digestion to destroy 
organic matter, oxidation of manganese to permanganate, pre- 
cipitation of the latter, and, finally, determination of its radio- 
activity and of its recovery. These steps were duplicated with 
standard. 

Collection—Contamination is of concern only until activation 
has been completed (6). It was prevented by (a) rinsing the 
apparatus with the distilled nitric acid and triple distilled water, 
(b) rinsing the skin with alcohol and ether, (¢c) using hypodermic 
needles which yield blood containing the same amount of manga- 
nese as did platinum cannules, (d) using quartz instruments for 


ganese. 
becomes 
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sampling the solid tissues, and (e) conducting the preparatory 
steps under dust-free conditions. 

Samples were placed in the middle of the tubes (Fig. 1) and 
coagulated by drying at 85° for 1 hour. The tubes were then 
heat-sealed at both ends, and were placed in a container with 
similarly treated standard (= 50.0 ul of Solution B). 

Activation—The container was introduced into the reactor 
for 2 hours for the analyses of extracellular pools and for 30 
After this time, the poly- 
ethylene tubes were removed and rinsed externally with dilute 
nitric acid followed by distilled water. Both ends were then 
cut off with scissors and the sample was flushed through with 20 
ml of hot nitric acid into a 250-ml Erlenmeyer flask containing 
1.5 ml of Solution A. The location of the sample in the middle 
of the tube facilitated this process. 

Wet Digestion and Oxidation to MnOs—To the flask was added 
0.2 ml of 30% H.O2. It was then heated on a hot plate until 
the contents were almost dry. This step was repeated with an 
additional 5 ml of nitric acid plus 0.2 ml of H.Os. Thereafter, 
100 ml of the oxidizing solution were added and brought to boil- 
This was proven by direct experimentation 


minutes in the case of solid tissues. 


ing for 2 minutes. 
to oxidize the manganese fully to permanganate. 

Separation of Permanganate—After the flask was allowed to 
cool, 5 ml of the 1% tetraphenylarsonium solution were added. 
This resulted in the immediate specific precipitation of tetra- 
phenylarsonium permanganate. The contents of the flask were 
filtered and the precipitate was then washed with 100 ml of the 
0.1% phenylarsonium solution. The filter paper was removed, 
the white border was discarded, and the purple portion was 
placed on a planchet for assay of the radioactivity. 
precipitate were of little consequence up to this point, but they 
became important thereafter. 

Determination of Manganese—The gamma spectrum was re- 
corded by the pulse-height analyzer under constant geometry. 
The radioactivity represented by the entire energy peak of 
Mn* at 0.845 m.e.v. was determined from the recorded spectrum 
with a graphical method (7-9). To determine recovery, the 
filter paper was placed in the Erlenmeyer flask and the oxidation 


Le SSCS of 


was repeated. 

The ensuing permanganate was made up to 100 ml with the 
oxidizing solution, and its concentration was determined by read- 
ing the optical density at 522 my against a blank solution con- 
taining all the reagents except for manganese. 

The standard was treated identically. Activation of empty 
tubes showed that no correction for radioactivity ‘“blanks’’ was 
necessary. 

The amount of manganese recovered as permanganate was 
read from calibration curves (10) made by diluting So'ution A 
serially. Oxidation was carried out as described. These cali- 
bration curves obeyed the Beer-Lambert law and were checked 
every few weeks. 

The millimicrograms of manganese present in the original 
sample were computed from the following formula: 


WwxXs, 


M = 
S2 


in which MM = mug of Mn in the sample, W = myg of Mn in 
the standard, S,; = specitic activity of the sample, and S: = 
specific activity of the standard. 

Exchange of Added Carrier with Endogenous Manganese—In 
order to test the validity of the radiochemical procedures re- 
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ported here, a rat was injected with Mn* and allowed to metabo- 
lize the tag normally for 50 days. During that time, the tracer 
must have entered the various physiological compartments in 
which manganese might exist as a multivalent element (11-14). 
The animal was then killed, and twelve homogenates of various 
strengths were prepared from liver, brain, lung, kidney, and 
muscle. The concentration of the tracer was determined in each. 
The aliquots were submitted to all the steps listed under ‘‘Mate- 
rials and Methods” with the exception of the neutron activation. 
The Mn* radioactivity recovered corresponded to the chemical 
yield of the carrier manganese within 5%, thus proving that the 
added carrier was a true carrier of tissue manganese. 

Control of Losses—That there was no loss of manganese during 
drying and the other steps preceding activation was shown with 
serum samples to which carrier-free Mn™Cls was added in vitro. 

The precipitation of carrier-enriched Mn* as the tetraphenyl- 
arsonium permanganate resulted in losses ranging from 5% to 
12%, inherent in the precipitation and washing of the perman- 
ganate. Nonetheless, the corresponding losses of the added 
carrier have also ranged from 5% to 12%. Hence, the specific 
activity (c.p.m.Mn*4/mgMn*5) remained constant within 43%. 
This proved that the carrier method of correcting for the small 
amount of tissue manganese lost during these radiochemical steps 
was valid. 

Recovery of Manganese Added to Serum—These experiments 
were performed in order to assess the linearity of the data yielded 
by the present method. Fig. 2 summarizes experiments with 
one pool of serum, aliquots of which were supplemented with 
known additions of manganese. The added metal was recovered 
within a total variance of +3% from a line with a slope of +1, 
fitted by eye to the data. As can be seen, this line intercepted 
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Fic. 2. Solid circles correspond to serum samples to which 


manganese was added; the open circle depicts the Mn concentra- 
on in that serum. 
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Fic. 3. The gamma ray spectra of 100 ul of blood and of serum 


are shown at the top. The corresponding purified radioactivities 
are at the bottom. 


the ordinate at the value of the experimentally determined con- 
centration of serum manganese. This linearity continued, at 
least up to 400 mug of Mn per sample. 

Radiological Purity of Mn**—Fig. 3 shows the energy spectra 
of precipitated permanganate from neutron-activated serum and 
blood as compared to those of the untreated samples. The high 
resolution of the energy spectrum of manganese as a result of the 
purification is evident. 

This purification procedure diminished the contaminating Na* 
to a maximum of 4 X 10-° parts of its original concentration. 
In most instances, Na*‘ could not be detected in the precipitate. 
Still, resolution of the gamma energy spectrum is recommended 
in practice, because there can be no certainty of such purification 
without this proof. 

Alternate Procedural Steps—Earlier in this work, serum and 
blood were collected on low ash filter paper for easier combustion 
in the Thomas-Schéniger apparatus (15, 16). The manganese 
concentration of this paper was about 2 mug per sheet and could 
not be sufficiently lowered by washes with water, nitric acid, and 
ethylenediaminetetraacetate solutions, or by electrophoresis. 
However, this procedure might still prove to be convenient for 
manganese-rich samples. 

Others (17, 18) have recommended separation of tetraphenyl- 
arsonium pertechnetiate and, by analogy, of permanganate (19) 
by extracting the salt from water with chloroform This proce- 
dure is not recommended here because it suffers from too many 
drawbacks, which could not be corrected by purification of the 
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chloroform or by substitution of this solvent by carbon tetra- 
chloride, ether, mineral oil, chlorobenzene, pyridine, or xylene. 

It was essential to oxidize manganese to permanganate pre- 
cisely as defined here, because alternative combinations of acids 
or of oxiding agents proved ineffective. 

RESULTS 

The precision of this measurement was investigated on a 
sample of normal human serum, eleven aliquots of which showed 
0.261 + 0.009 mug of manganese per 100 ul of serum. The 
variance was +3.4%, indicating that this procedure was ap- 
plicable to the determination of the manganese concentration in 
some tissues and in some reagents which are of interest in bio- 
chemical studies of this element. 

It is evident from Table I that the manganese concentration 
in samples of human serum, plasma, or blood varied within a 
rather narrow range. These samples were obtained by veni- 
puncture. This is significant because samples, obtained by 
pricking the skin, showed a range of 4.5 to 13.0 ug per liter of 
serum (eleven samples from five individuals). The larger vari- 
ance and the higher mean are attributable to introduction of 
tissue manganese into these sera as a consequence of tissue 
trauma. This constitutes @ less readily recognized type of con- 
tamination than that caused by extrinsic sources and might ex- 
plain some discrepancies alluded to below. 

The narrow range of the manganese concentrations in blood 
and plasma led to a test of their stability after metabolic loads 
with manganous sulfate. For this, three rabbits were injected 
intravenously with the amounts of manganese stated in the 
table, whereas one animal was not. Two weeks later, the plasma 
manganese concentration was quite similar in all four animals, 
whereas the blood of the injected animals contained increasingly 
more mangasese. This indicated that it is the intracellular 





TABLE I 
Bc!) ? | Manganese 
Material | Grade Rn A Bo hd 
| | Mean Range 
Bes 

Human serum.. 16 28 | 2.50| 2.05- 2.97 
Human plasma... 7 9 2.69) 2.10— 3.02¢ 
Rabbit plasma 4 4 1:6} @.91— 1.1i-* 
Human blood ts 8 11.60} 9.01— 14.50* 
Rabbit blood. .... 4 4 6.85) 4.12—- 9.702% 
Rat bile...... 5 5 | 66.30/29.80-190.00¢ 
Rabbit liver. . 4 4 1.69) 1.65- 1.71¢ 
Mouse liver. . 3 3 1.14) 1.00— 1.26¢ 
Rabbit diaphragm. 2 2 0.19) 0.16- 0.21¢ 
Mouse diaphragm 3 3 0.27; 0.23- 0.31¢ 
Ethylenediamine- 

tetraacetate. ...| Reagent 2 2 51.5 |49.50- 54.00¢ 
Ascorbate. . Reagent 2 2 | 25.5 |16.00— 35.00 
K.S20s. Reagent 2 2 6.3 | 4.90- 7.707 
Sucrose........... Reagent 1 1 5.30 
NaCl.... Reagent 1 1 9.40 
NaCl Optical 3 3 <6 X 16°°* 

crystal 


@ Per liter. 

> Animals injected with 0, 2.5, 10.0, and 20.0 ug of Mn** 2 weeks 
earlier. 

¢ Per g of wet tissue. 

4 Per mole. 
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manganese level that might fluctuate, whereas the extracellular 
level seemed less prone to do so. 

Because this element is excreted presumably via the bile (1, 
2), its concentration was studied in rat bile obtained by catheteri- 
zation of the common bile duct. These experiments revealed 
(a) that sequential analyses for this trace element could be per- 
formed on samples from a small body pool, and (6) that the man- 
ganese concentration in bile varied markedly from one animal 
to the next in a manner characteristic of an excretory pool. 

Analyses of the solid tissues showed concentrations similar to 
those found by others (2) but, contrary to expectation (1, 2), the 
variance among species may be marked in some instances. 

Analyses of the reagents listed on the table showed that signifi- 
cant contamination could occur during studies of sequestration, 
oxidation, or reduction of manganese in tissues, tissue fractions, 
or extracts, because natural ligands tend to concentrate this 
metal. 


DISCUSSION 

A common error in activation analysis is to assume that the 
radionuclide which one determines has originated solely from the 
element which one studies. In this instance, production of Mn* 
during neutron bombardment of biological materials occurs over- 
whelmingly as a consequence of the reaction: Mn** (n, y) Mn*, 
Nonetheless, two additional reactions need be accounted for, 
namely, Fe®® (n, p) Mn*® and Co® (n, a) Mn*® (20-22). One 
can calculate the contributions to Mn** by these reactions for the 
conditions of activation and detection used here, according to 
formulations established by others (20-22). These calculations 
were omitted for the sake of brevity. They showed that, in the 
case of blood, iron contributed 4 to 5% of the Mn**. In the 
case of plasma and tissues, neither iron nor cobalt contributed 
significant amounts of this nuclide. 

Although the evidence presented is characterized by a high 
degree of internal consistency, it is not always in agreement 
with published information. Bowen’s samples (3) are con- 
cordant with the ones obtained here after pricking the skin, but 
both sets are higher than the present ones for venous blood, 
because of the reasons already indicated. The discord becomes 
pronounced indeed when our own data for venous blood are con- 
pared with those of others (23-25) ; our values are lower by factors 
ranging from 2 to 10 and so is the individual variance. Such 
significant discrepancies could not be dismissed because our tis- 
sue analyses were similar to the reliable ones of Fore and Morton 
(26): the concentration of manganese is more readily amenable 
to quantitation in tissues than in blood or plasma, because the 
abundance of this element in tissues may be higher than in blood 
or plasma by three orders of magnitude. Hence there had to be 
developed a confirmatory spectrographic procedure. This sul- 
fered from the disadvantages indicated by Thiers (4), which 
limited its desirability as a routine procedure, but not as a method 
of comparison. As will be reported elsewhere,? its results coin- 
cided with those of neutron activation analysis as recommended 
here. 


SUMMARY 


Criteria pertaining to biochemical applications of neutron 
activation analysis were formulated and dealt with experimen- 
tally. 


2 J. Forrest and H. L. Finston, to be published. 
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An ultramicromethod was described which permits the de- 
termination of the essential microconstituent, manganese, in 
biological samples, including small pools with low concentrations. 

Samples containing, on the average, 0.261 mug of manganese 
were analyzed with a variance of +3.4%. 

The mean concentration of manganese in human plasma was 
2.69 ug per liter. The plasma concentration remained constant 
in the rabbit after injections of manganous sulfate whereas that 
of whole blood increased. 

Manganese concentrations were determined in some tissues 
and in some reagents. 


Acknowledgments—The authors express herewith their cordial 
thanks to Dr. Donald D. Van Slyke and Dr. Raymond W. 
Stoenner for many valuable suggestions regarding this manu- 
script. 
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Among the unsolved problems of the biochemistry of organic 
acids in green leaf tissue is the position of isocitric acid in 
the metabolic system. This acid accumulates in substantial 
amounts in the leaves of plants of the botanical family Crassu- 
laceae, and has been found in moderate amounts in a number of 
other species, notably the fruit of the blackberry (Rubus fructi- 
cosus), where it was first discovered in nature (1), and the leaves 
of the foxglove (Digitalis purpurea) (2). Nevertheless, inasmuch 
as isocitric acid is a member of the tricarboxylic acid cycle, there 
is little doubt that its distribution, at least in trace amounts, is far 
wider than these and a few other observations would suggest. 
Indirect evidence for this is the identification of isocitric dehy- 
drogenase in such plant tissues as cucumber and pea seeds (3), 
Avena coleoptile (4), and parsley root (Petroselinum hortense) (5), 
and in the leaves of chickweed (Stellaria media), elder (Sambucus 
nigra) (6), and tomato (Lycopersicon esculentum) (7). 5 

The accumulation of isocitric acid in high concentrations in 
leaves of crassulacean plants, and to a moderate extent also in a 
few species in other botanical families, suggests, however, that this 
substance fulfils some function in them which is quite different 
from what may be regarded as its usual function as a member of 
the tricarboxylic acid cycle. Leaves of Bryophyllum calycinum 
normally contain from 12 to 16 g of isocitric acid per kg of fresh 
weight. Extensive study of the acids of these leaves during 
exposure to diurnal alternation of light and dark, or to extended 
periods of light or of darkness, has shown that isocitric acid re- 
mains essentially unaltered in amount throughout the treatment. 
Notwithstanding this, the malic acid present may decrease from 
14 to 2 g per kg during a 10-hour period of illumination and re- 
turn almost to the initial high level during the following night (8). 
Even on exposure of the leaves of this plant to light for 64 hours, 
the isocitric acid in one experiment remained unchanged (9), 
although malic acid rapidly diminished to a low level. In 
another similar test, isocitric acid diminished by about 9% of the 
amount initially present during exposure to light for 74 hours 
(10). 

Citric acid undergoes diurnal variation in amount in Bryo- 
phyllum leaves in a manner essentially parallel with that of malic 
acid, although to a much smaller extent with respect to the quan- 
tity involved (10). 

It would appear that the isocitric acid stored in such remark- 
able amounts in the leaves of crassulacean plants is used up in the 


* Part of this investigation was supported by a grant from the 
National Science Foundation. 


course of the organic acid metabolism only under conditions of 
stress, and even then to only a small extent. Long exposure of 
Bryophyllum leaves to light constitutes one of the conditions that 
have been observed to bring this about, and another is the situa- 
tion that arises when leaves that are unusually low in starch 
content are maintained in darkness for many hours in addition 
to the normal period (11). This is not to say that isocitric acid 
is a wholly inactive component of the tissues, but merely that its 
metabolic activity in comparison with that of other organic acid 
components is low. For example, Stutz and Burris (12) have 
found that Bryophyllum calycinum leaves exposed to air con- 
taining CO, acquire radioactivity readily in the organic acids, 
but about 90% was found in malic acid and only about 5% in 
isocitric acid. Similar results have been published by Thomas 
and Ranson (13). 

In view of the apparent biochemical indifference of isocitric 
acid in leaves of crassulacean plants, it has seemed essential to 
examine the behavior of the acid when introduced in substantial 
amounts into the leaves of another species. Leaves of the 
tobacco plant have accordingly been cultured in solutions of 
potassium L,-isocitrate in darkness, and the effect upon the 
organic acid composition has been studied. The outcome has 
been a demonstration that isocitric acid is extensively metabo- 
lized in tobacco leaves, the major identified product being citric 
acid. This result confirms an earlier test (14) in which, because 
of the scarcity of optically active isocitric acid at the time, only a 
single sample of leaves could be treated. 


EXPERIMENTAL PROCEDURE 


For the large scale quantitative experiment, 10 samples of 20 
leaves each were collected on July 29, 1958 by the statistical 
method (15) from 20 plants of Nicotiana tabacum, var. Cot- 
necticut shade-grown, raised in the greenhouse. The leaves were 
cut from 10 successive nodes on each plant counting from the 
lowest fully expanded leaf. The coefficient of variation of the 
fresh weight was 2.1% and that of the total nitrogen content 
1.7%. Of these samples, 8 were used for the present experiment. 
The control culture solutions were water, 0.2 mM potassium sulfate, 
and 0.2 m potassium succinate adjusted to pH 5.0. The mono- 
potassium L,-isocitrate used was isolated from Bryophyllum 
leaves by the procedure of Vickery and Wilson (16), and a 0.15 
M solution was prepared at pH 4.0 and 0.2 M solution at pH 5.0 
by adjustment with potassium hydroxide; 2 samples were 
cultured in each of these, the culture periods heing, respectively, 
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24 and 48 hours. All control samples were cultured for 48 hours. 
During the experiment, the leaves were supported in V-shaped 
troughs which contained about 1200 ml of culture solution. 
These were placed in a completely dark room maintained at 24° 
and 50% relative humidity. The leaves were then weighed and 
dried at 80°, and the tissue was equilibrated in the air-conditioned 
room until it attained constant weight; it was then ground to 
powder for analysis. The isocitric acid in the used culture 
solutions was recovered as monopotassium salt in a yield of 88%. 

L,-Isocitric acid was determined by means of isocitric dehy- 
drogenase as described by Stern (17). The other analytical 
methods used are described elsewhere (18, 19). 

For the experiment with radioactive isocitrate, three succes- 
sive leaves were cut from about the middle of the stalk of a 
tobacco plant of the variety Havana Seed grown in the green- 
house in the late winter season of 1960. The intermediate leaf 
was used for the experiment, and the others were immediately 
dried and prepared for analysis. It was assumed that the initial 
composition of the intermediate leaf could be calculated with 
sufficient accuracy as the mean of the composition of the two 
control leaves. 

Monopotassium D,L,-isocitrate-3 ,4-C' was synthesized by the 
method of Fitting and Miller (20) as recently modified (21) from 
1g of anhydrous sodium succinate to which 50 we of neutralized 
succinic acid-2 ,3-C™ (0.4 mg) had been added. The yield was 
0.6 g (42%) of a product which contained 46% of L,-isocitrate by 
enzymatic analysis. The activity was 18 X 10% c.p.m. per mg. 
When tested by chromatography on paper, all of the radioactiv- 
ity was concentrated in a single spot of Rp value corresponding to 
isocitric acid. No contamination with radioactive succinic acid 
was found. Further examination showed that all of the activity 
was present in the a-ketoglutarate (isolated as 2 ,4-dinitrophenyl- 
hydrazone) produced by isocitric dehydrogenase from the L,- 
isocitric acid it contained, and that there was none in the carbon 
dioxide. When the L,-isocitric acid was converted to citric acid 
by means of heart muscle aconitase and the citric acid in turn 
was oxidatively brominated to pentabromoacetone, the activity 
was present in this product, although it was necessary to oxidize 
the pentabromoacetone completely and isolate the carbon dioxide 
in order to obtain reasonably quantitative results. Pentabromo- 
acetone is an unsatisfactory substance to use for counting radio- 
active disintegrations. The isocitrate was thus exclusively 
labeled in positions 3 and 4, with no label in the carboxy! groups. 
Labeling in these positions is to be preferred for studies of the 
relationship of isocitrate to the other acids of the tricarboxylic 
acid cycle. 

The culture solution was prepared from 0.360 g of monopotas- 
sium L,-isocitrate and 0.100 g of the synthetic radioactive ma- 
terial which were dissolved in a small amount of water and 
neutralized to pH 5.0 with potassium hydroxide. The solution 

was diluted to 10 ml (0.2 m) and was found to contain sufficient 
radioactive carbon to give 1800 X 10° c.p.m. The experimental 
leaf was placed in a flat airtight case with its base immersed in 
the culture solution. A slow stream of carbon dioxide-free air 
was drawn through the case, and the carbon dioxide produced by 
respiration was collected in an absorption trap. The case was 
covered so as to permit no light to enter, and was placed in a 
cabinet in which the temperature was controlled at 22-24°. The 
telative humidity observed on an instrument within the case 
was 73%. After 48 hours of culture, the leaf was removed, the 
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remaining solution was rinsed from its base, and the leaf was dried 
and prepared for analysis. 

Radioactivity of all samples was determined on “infinitely 
thin” layers dried on planchets, a thin window counter being 
used. 


RESULTS 


The analytical data from the large scale experiment are col- 
lected in Table I. Culture in 0.15  isocitrate at pH 4 for 48 
hours caused all but 3 of the 20 leaves to become limp from loss 
of water, but at pH 5 the loss of fresh weight was only moderate 
during the same period (Line 1). Lines 2 and 3 show the effect 
upon the ash and organic solids, the latter being increased by a 
quantity of carbon dioxide equivalent to the alkalinity of the 
ash (Line 4). The uptake of organic acid (Line 7) was calcu- 
lated from the means of the increases in alkalinity of ash and of 
potassium (Lines 4 and 5), it being assumed that isocitric acid is 
37 % neutralized at pH 4.0 and 55.9% at pH 5.0. These figures 
are based upon the dissociation constants of isocitric acid deter- 
mined by Hitchcock (22). 

The control samples cultured in water and in potassium sulfate 
show the expected loss of malic acid and gain of citric acid (Lines 
9 and 10) characteristic of the behavior of these acids during 
culture of tobacco leaves in darkness, and the control sample 
cultured in potassium succinate shows a marked increase of 
both, as has been invariably observed when succinic acid is made 
available to tobacco leaf tissue. Accordingly, the enzyme sys- 
tems present in this set of samples behaved normally with respect 
to the conversion of organic acids. When isocitrate was fur- 
nished at pH 4, malic acid diminished in amount in 48 hours to 
about one-half the extent observed in the water control (Line 9), 
but when it was furnished at pH 5 malic acid increased, although 
to only a small extent. Clearly, when isocitric acid is present, 
the metabolic drain on malic acid is materially lessened. Citric 
acid, however, increased in 48 hours at both levels of pH to about 
the same extent as in the water control sample (Line 10). The 
problem is to establish the source of this citric acid. 

It is clear from the data for succinic acid, the minor acids, and 
oxalic acid in Lines 12 to 14 that only small increases in the net 
amounts of these components present took place, and the con- 
sideration of the data is therefore simplified. Line 15 shows the 
differences between the uptake of acid (Line 7) and the increase 
in nonvolatile organic acids found (Line 8). The data pre- 
sumably represent the net extent of decarboxylation reactions 
during the culture period. Line 16 gives the differences between 
the amounts of isocitric acid taken up and the amounts found in 
the tissue at the termination of the culture period: (Lines 7 and 
11). These amounts of isocitric acid must, therefore, have un- 
dergone transformation to other products. Line 17 shows that 
about one-third of the isocitric acid available at pH 4 and about 
two-thirds of that at pH 5 behaved in this way. In Line 18 is a 
calculation based upon the assumption that the malic acid which 
disappeared from the leaves cultured at pH 4 was transformed to 
citric acid in the molar ratio of 2:1. Evidence of such a relation- 
ship has been found in many previous experiments (23). Inas- 
much as malic acid increased in the leaves cultured at pH 5, 
there could have been no net increase of citric acid derived from 
malic acid in these samples. In Line 19 estimates are therefore 
made of the amounts of citric acid that presumably arose from 
a source other than malic acid. In Line 20, these estimates are 
shown as percentages of the quantities of isocitric acid that 
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TABLE I 


Effect of culture in solutions of potassium L,-isocitrate upon organic acid composition of excised tobacco leaves 


The data represent milliequivalents per kg of initial fresh weight of leaves, unless otherwise stated. 








Control 
Line Component before Water 
culture 
48 hrs 
1 Fresh weight, %............. sis 0 +9 
2 ee ae NE oe ee : soc) 26S +0.2 
3 Organic solids corrected for COs, g 72:7 —2.8 
+ Alkalinity of ash..... ...| 804 +1.3 
5 Potassium. ... sieves | SZ —3.3 
6 Extract of dry tissue, pH 5.38 +0.04 
7 Uptake of acid. ... ; se 
8 Total nonvolatile acids (except oxalic 
acid).... ; ae 145 +1 
9 Malic acid... ie ...| 106 —44.0 
10 Citric acid... 22.0 +42.2 
11 Isocitric acid..... | 
12 | Succinie acid , oe +0.4 
13 Minor acids. ... ese const) ae 2 
14 ORG SONG. ww. sees outa 25 +0 


~ 


15 Loss of acid groups. 

16 Loss of acquired acid... 

17 Line 16 as % uptake..... = sens 
18 | Citric acid possibly derived from malic 


19 | Citric acid derived from another source. 
20 Line 19 as % of Line 16.... 








disappeared from the systems. The close agreement of three of 
the four results is of interest, and it is clear that a substantial 
part of the acquired isocitric acid may have been converted into 
citric acid. In support of this view is the fact that there is no 
organic acid component other than isocitrie acid which di- 
minished sufficiently in amount to account for the increase in 
citric acid. 

Table II shows the effect of culture of a single tobacco leaf in 
0.2 m radioactive isocitrate at pH 5.0 for 48 hours in darkness. 
The uptake was calculated from the loss of radioactivity from 
the culture solution, and the analytical data, expressed in milli- 
equivalents per kg of initial fresh weight of the leaf, were calcu- 
lated on the assumption that the initial composition of the 
treated leaf was the mean between that of the leaves above and 
below it on the stalk. The analytical errors are presumably 
similar to those of the data in Table I, but the sampling error is 
doubtless greater. In preparing the water extract of the dried 
leaf for organic acid analysis, the solution was repeatedly evapo- 
rated to dryness and heated in a boiling water bath with the 
object of converting a portion of the isocitric acid present to the 
lactone. Because the lactone is eluted from the Dowex 1 column 
at a point well separated from the citric acid fraction (which 
contains citric, both L,- and D,-isocitric, and phosphoric acids), a 
demonstration was provided of the presence of isocitric acid and a 
sample was obtained from which some information regarding the 
relative proportions of the two enantiomorphs' present could be 
obtained. 


1The synthetic isocitrate used contained 8% of an impurity 
which was doubtless mainly alloisocitrate. Since the uptake of 








Changes during culture in darkness 








"oallate” | succinate, || Potgaram ipitrate | Potosi igocit 

48 hrs 48 hrs 24 hrs 48 hrs 24 hrs | 48 hrs 
Oe — —_— $< | —_______ 

—6 +3 —13 -2 | -0.6| —12 
+8.1 os | 204 +5.5 +4.2| 46.7 
—3.2 +3.3 +3.2 +2.4 | 41.5] 42.4 
+14.2 +88.3 +31.0 +55.8 | +57.6] +94.0 
+86.9 +102 | +30.9 +60.8 +62.9 | +98.2 
+0.12 +0.11 —0.42 —0.55 —0.04) 0.0 

174 84 158 108 | 172 

+1 +106 | +60 +110 +71 +112 
—34.2 +28.7 +11.1 —23.1 +5.7 +3.3 
+30.3 +56.0 +21.2 +41.5 +27.5 | +43.3 
| +62.5 +99.5 +36.2 | +63.9 

+0.5 +22.4 | 41.3 +1.7 2.5) +2.5 

2 +4 +2 +2 | +4 | 48 

+0 +3 +3 +3 | +1 +1 

68 24 = i 60 

152 21 58 | 72 | 108 

87 25 37 67 | 63 

8 17 0 0 

13 2 #| 27.5 43.3 

62 44 |} sf | @ 


Comparison of the data with the corresponding items in the 
right hand column of Table I suggests that the organic acid 
metabolism of this leaf was distinctly more vigorous than was 
that of the 20-leaf sample; both malic acid and citric acid in- 
creased to a greater extent, and a significant amount of succinic 
acid accumulated. Nevertheless, the proportion of the isocitric 
acid taken up which underwent chemical change was about the 
same, as was also the increase of citric acid calculated as a per- 
centage of the isocitric acid which disappeared. 

The distribution of the radioactivity among the components 
of the leaf is shown in Table III, the data being calculated for 
By far the greatest part 
of the radioactivity was present in substances extracted by water 
from the dried tissue, and only a negligibly small amount was 
found in the carbon dioxide evolved from the leaf during the 
culture period and in the residue from the extraction. The water 
extract, after being subjected to a partial lactonization process 
during which a small loss was encountered, was placed on a cdl- 
umn of Dowex 1, and the water washings of the column were col- 
lected separately. They contained only a little radioactive ma- 
terial; accordingly, only a small part of the isocitric acid was 
converted into neutral and basic amino acids and sugars which 
would be the major known components of this fraction. 

The organic acid components are listed in the order in which 
they are eluted from the column by increasing strengths of formic 


convenience in terms of a single leaf. 








this impurity was of the order of only 5 mg, or less than 2% of the 
total isocitrate acquired by the leaf, no consideration has been 
given to it save to subtract this quantity from the calculated up- 
take of p,L,-isocitrate. 
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TaBe II 
Effect of culture in 0.2 m solution of radioactive potassium isocitrate 
at pH 5.0 for 48 hours in darkness on organic acid 
composition of a tobacco leaf* 
The data are expressed in milliequivalents per kg of initial fresh 
weight. 








Initial Change 
jcomposition during 
| (calculated)| culture 

—— . = 
Uptake Of isociirie acid. ..... .......2..<.45: +247 
Total nonvolatile acids (except oxalic acid). . 220 +185 
MN NE 52.5 etre eas Se as 157 25 
Citric acid (pentabromoacetone method)f. . .| 20 +60 
Isocitric acid (enzymatic method).......... | +58 
Isocitric lactone (titration)................. | +14 
EE NEEL SSL Te TE ee 3 +7 
DE os t05 swt conde nyeresieennbe bt45] 23 +4 
Loss of isocitric acid from system........... 168 
Loss of isocitric acid as % of uptake........ | 68 
Increase of citric acid as % of loss of isocitric | 

MMM Foy tieh sre -takhra Con Peer Gta ak ile prea eRe rapa DL ears | 36 





* The initial fresh weight of the experimental leaf was 15.4 g. 
To convert the data to single leaf basis, divide by 64.9. 

+ The citric acid fraction contained 80 meq of citric acid, 58 
meq of L,-isocitric acid, and 13 meq of phosphoric acid titrated to 
the phenolphthalein end point. The deficit from the titration of 
the entire fraction to the same end point, which was 168 meq, may 
be attributed to p,-isocitric acid if no other acidic component was 
present as was the case in the large scale experiment. Accord- 
ingly, it is assumed that this fraction contained 17 meq per kg of 
p,-isocitric acid. 


acid. The fractions containing the minor acids (glycolic, p- 
glyceric, quinic, and aspartic acids are the chief components) 
acquired a little radioactivity, but succinic acid, although present 
in only small amount, attained a specific activity about one- 
quarter of that of the L,-isocitric acid administered to the leaf. 
About one-fifth of the radioactivity present in the water extract 
was found in the malic acid, and its specifie activity was almost 
identical with that of the succinic acid. The citric acid fraction, 
which contains both citric and isocitric acids, accounted for two- 
thirds of the activity of the water extract, and the isocitric 
lactone fraction contained the remainder. 

The composition of the isocitric lactone fraction was deter- 
mined both by titration and also by isocitric dehydrogenase after 
saponification. The data indicated that about 17% of the 
isocitrie acid in this fraction was D,-isocitrate. Inasmuch as this 
part of the isocitric acid was derived from the synthetic labeled 
material and the p,-isomer is presumably unaffected by the en- 
zyme systems of the leaf, it may be assumed to have retained its 
initial specific activity of 4140 x 10° c.p.m. per mmole. The 
specific activity of the total isocitric acid in the lactone fraction 
was 1100 X 10°; the specific activity of the L,-isocitric acid in the 
lactone fraction at the end of the culture period can therefore be 
calculated to be 480 X 10° c.p.m. It is doubtful if this is 
significantly different from the initial specific activity of 550 x 
10 c.p.m. of the L,-isocitrate supplied. 

The composition of the citric acid fraction (Table II, footnote) 
as established by determinations of total acidity and of citric, 
Lyisocitric, and phosphoric acids, left a small deficit of acidity, 
presumably arising from the presence of D,-isocitric acid. This 
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amounted to 22% of the isocitric acid present, and if the p,- 
enantiomorph is assumed to have remained unchanged during 
the culture period, the data in the last three lines of Table III 
can be calculated. These results lead to the conclusion that the 
citric acid present in the leaf had acquired a specific activity of 
approximately 360 x 10% ¢.p.m. per mmole. In order to make 
certain that the citric acid was indeed radioactive, a citric acid 
fraction from a separate analysis was treated with potassium 
permanganate and potassium bromide under the conditions used 
for the quantitative determination of citric acid (24), and the 
pentabromoacetone was isolated by extraction with petroleum 
ether. This was in turn oxidized by the wet combustion method 
of Van Slyke e¢ al. (25), the carbon dioxide was collected, and its 
radioactivity determined. The specific activity of the citric 
acid was found to be 170 X 10° ¢.p.m. per mmole. It should be 
noted that this value refers only to the carbon atoms in positions 


TaBLeE III 
Distribution of radioactivity among the components of a tobacco leaf 
after culture in potassium isocitrate-8 ,4-C'4 at pH 6 
for 48 hours in darkness 
| | 


a 
| C.p.m. Distri- | A: 

7 | Amount | 
| per leaf |bution of | per leaf | mueole 





| C.p.m. 
per 

















xX 103 counts Xx 1073 
% | mmole | 
Uptake of isocitric acid*......... 1150 | 100 | 1.27 | 900 
Carbon dioxide liberated. ....... 16 1.4 | | 
Water extract of dry leaf........} 1110 | 96.5 | 
Water extract after lactonization | 
Sn | ae ee a ene aie FA 1020 88.7 
insoluble reardue. ; . ... 6.660652. 37.9 3.3 
Total accounted for............. 1164 101.2 
In water extract: 
Nonacidie substances............ 24.6 2.4 
Minor acids (monovalent)... .... 14.8 1.5 | 0.42 35 
PRUNES TENN ois ace wis ppccardanband 11.1 1.1 | 0.076 | 146 
NS OIE oo sos eens cs eckedcres wee 194 19.0 | 1.40 138 
Acids in citric acid fraction (tri- 
NNN So orisec serene Sk ee 671 65.8 
Isocitric lactone (divalent)......| 116 11.4 | 0.105 | 1100 
Total in water extract........... 1031 101.2 
In citric acid fraction: 
L;-Isocitric acid (enzymatic | 
oS nee ee oe ees 164 24 | 0.298 | 550 
p;-Isocitric acid, calculated...... 360 54 |: 0.087 | 4140 
Citric acid (pentabromoacetone | | 
nL SRR el Rn Pe Fe BA 2. 147 22 =| 0.413 | 360t 
Total in citric acid fraction...... 671 100 | | 








* The mixture of L,-isocitrate and pD,L,-isocitrate administered 
had a specific activity of 900 X10? c.p.m. per mmole. The uptake 
of L,-isocitrate was 0.998 mmole and that of p,L,-isocitrate-3 ,4- 
C'4 of specific activity 4140 X 103 ¢.p.m. per mmole was 0.277 
mmole. Accordingly, the specific activity of the L,-isocitrate 
available to the leaf tissue was 550 X 103 c.p.m. per mmole when 
a correction for the presence of 8% of impurity, presumably 
mainly alloisocitrate, in the synthetic material is applied. It is 
assumed that the p,-isocitrate does not become involved in the 
metabolism. It is known to be stable to isocitric dehydrogenase 
and aconitase. 

t See the text for discussion of this presumably maximal figure. 








3 and 4 in citric acid. Any radioactive carbon present in 
carboxyl groups as a result of randomization reactions or derived 
from fixation of radioactive carbon dioxide would have been 
eliminated during the formation of the pentabromoacetone. 
Accordingly, this figure would be expected to be a minimal one. 


CH(OH)—COOH CH.—COOH C*HBr; 
C*H—COOH C*(OH)—COOH +O 

, 
C*H.—COOH C*H.—COOH C*Br; 


Isocitric acid- Citric acid- Pentabromoacetone- 
‘14 


3,4-C# 3,4-C™¥ 
DISCUSSION 
The extensive metabolic transformations undergone by 


isocitrate when introduced into the tobacco leaf contrast sharply 
with the behavior of this substance in the leaves of crassulacean 
plants, in some species of which it is present in concentrations 
that approach 0.1 m. Furthermore, it appears to share in the 
metabolic reactions of the leaf system in these plants only under 
conditions of stress. In the tobacco leaf, on the other hand, it 
promptly undergoes reactions of which two kinds can be clearly 
distinguished. Titratable carboxyl groups equivalent to from 
one-quarter to one-third of the added acid disappear from the 
system, and citric acid is generated in an amount equivalent to 
about 40% of the isocitric acid which undergoes chemical change. 
When radioactive isocitrate-3 ,4-C" is supplied, the appearance 
of radioactivity in both succinic and malic acids accounts for 
some of the decarboxylation, and, since about 20% of the radio- 
active carbon available accumulated in the malic acid at the end 
of the culture period, it seems reasonable to assume that at least 
this proportion of the isocitrate was metabolized by the reactions 
characteristic of the tricarboxylic acid cycle. 

Only a negligibly small proportion of the isocitric acid under- 
went complete oxidation to carbon dioxide, which was eliminated 
from the leaf. It is thus unlikely that the process by which 
substantial amounts of radioactivity found their way into 
succinic and malic acids involved complete oxidation and sub- 
sequent intracellular assimilation of the carbon dioxide into the 
organic acid metabolism. Nevertheless, the occurrence of a 
little radioactivity in the minor acids fraction suggests that 
reactions of this kind may have played a small role. 

The presence of radioactivity in the citric acid suggests the 
occurrence of reactions of either or both of two kinds. The ap- 
proximately equal specific activity of the succinic and malic 
acids at the end of the culture period implies a common source, 
and the low concentration of succinic acid present indicates a 
rapid turnover. Turnover of malic acid would be essential for 
the subsequent formation of radioactive citric acid, but there is 
no evidence of how extensive this may have been. Nevertheless, 
inasmuch as the specific activity of the citric acid was at least 
170 xX 10° c.p.m. per mmole and was probably appreciably 
greater, whereas that of the malic acid was only 1388 x 10, some 
other mechanism for the formation of citric acid must also have 
been available. The most probable other mechanism is through 
the occurrence of reactions catalyzed by aconitase which is 
known to be present in the leaves of many plant species (26). 
The direct relationship of L,-isocitrate to citrate through the 
aconitase mechanism would lead to the formation of citric acid of 
the same specific activity as the substrate, and the specific activ- 
ity of the accumulated citric acid could thus rise above that 
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possible if all were derived from the turnover of malic acid of the 
specific activity found. 

It is obvious that an equilibrium situation with respect to the 
relative concentrations of citric and isocitric acids in the tissues 
was not attained. The final concentrations of these two acids 
were nearly equal both in the large scale and the single leaf 
experiments at pH 5, whereas at equilibrium in in vitro experi- 
ments with aconitase they are present in the ratio of approxi- 
mately 14 to 1 (27). In Bryophyllum leaves there may be from 
6 to 15 times as much isocitric acid as citric acid present, de- 
pending on the time of day when the leaves are collected for 
examination. Observations such as these may, however, mean 
that in tobacco leaves isocitric acid, as is apparently also the case 
with citric acid (28), is present in two different situations with 
respect to its availability as a substrate of the enzyme systems 
concerned. If, in crassulacean plants, isocitric acid is likewise 
so segregated, its stability? during the normal processes of organic 
acid metabolism may be to some extent accounted for. 


SUMMARY 


Although L,-isocitric acid is normally a stable organic acid 
component of the leaves of plants in the family Crassulaceae, it 
is readily and extensively metabolized when introduced into the 
leaves of the tobacco plant. Decarboxylation reactions occur 
and moderately extensive conversion to succinic, malic, and 
citric acids has been detected by the use of synthetic isocitric 
acid labeled in positions 3 and 4. Citric acid accumulates in an 
amount of the order of 40% of the isocitric acid that undergoes 
chemical change. A part of the newly formed citric acid may 
have arisen through the operation of the reactions of the tri- 
carboxylic acid cycle, but the evidence favors the view that a 
part is also formed through the agency of aconitase. 
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